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Abstract
While silicon has long been utilized for its electronic properties, its use as an
optical material has largely been limited due to the poor efficiency of interband
transitions. However, discovery of visible photoluminescence (PL) from nanocrystalline
silicon in 1990 triggered many ensuing research efforts to optimize PL from
nanocrystalline silicon for optical applications. Currently, use of photoluminescent
silicon nanoparticles (Si NPs) is commercially limited by: 1) the instability of the energy
and intensity of the PL, and 2) the low quantum yield of interband PL from Si NPs.
Herein, red-emitting, hydrogen-passivated silicon nanoparticles (H-Si NPs) were
synthesized by thermally-induced disproportionation of a HSiCl3-derived (HSiO1.5)n
polymer. The H-Si NPs produced by this method were then subjected to various chemical
and physical environments to assess the long-term stability of the optical properties as a
function of changing surface composition. This dissertation is intended to elucidate
correlations between the reported PL instability and the observed changes in the Si NP
surface chemistry over time and as a function of environment.
First, the stability of the H-Si NP surface at slightly elevated temperatures
towards reactivity with a simple alkane was probed. The H-Si NPs were observed by
FT-IR spectroscopy to undergo partial hydrosilylation upon heating in refluxing hexane,
in addition to varying degrees of surface oxidation. The unexpected reactivity of the Si
surface in n-hexane supports the unstable nature of the H-Si NP surface, and furthermore
implicates the presence of highly-reactive Si radicals on the surfaces of the Si NPs. We
propose that reaction of alkene impurities with the Si surface radicals is largely
responsible for the observed surface alkylation. However, we also present an alternate
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mechanism by which Si surface radicals could react with alkanes to result in alkylation of
the surface.
Next, the energy and intensity stability of the interband PL from H-Si NPs in the
presence of a radical trap was probed. Upon addition of (2,2,6,6,-tetramethyl-piperidin-1yl)oxyl (TEMPO), the energy and intensity of the interband transition was observed to
change over time, dependent on the reaction conditions. First, when the reaction occurred
at 4ºC with minimal light exposure, the interband transition exhibited a gradual
hypsochromic shift to between 595 nm and 655 nm, versus the λmax of the original low
energy emission peak at 700 nm, depending on the amount of TEMPO in the sample.
Second, when the reaction proceeded at room temperature with frequent exposure to
360 nm irradiation, the original interband transition at 660 nm was quenched while a new
peak at 575 nm developed. Based on all the data collected and analyzed, we assign the
595 – 655 nm transition as due to interband exciton recombination from Si NPs with
reduced diameters relative to the original Si NPs. We furthermore assign the 575 nm
transition as due to an oxide-related defect state resulting from rapid oxidation of photoexcited Si NPs.
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Chapter 1
Introduction
1.1

General introduction
A long-standing trend in the development of electronics has been the

miniaturization of individual components to produce more efficient devices, both in terms
of the speed of signal transfer and the resources required for their manufacture.
Concurrently, there has been a rapid increase in research into the production of inorganic
nanomaterials due to their distinctively useful optical properties, such as size-tunable
absorption and emission energies.1–4 Given their potential to improve optical and
electronic devices, and enable new technologies, inorganic nanomaterials have become of
interest in research labs across a wide range of disciplines. Synthetic control over the
shape, size uniformity, and surface chemistry of these nanomaterials is fundamental to
the design of next-generation technologies. Silicon (Si) nanostructures are an example of
inorganic nanomaterials whose size-dependent visible photoluminescence (PL) has
piqued the interest of scientists since the early 1990s. Since then, an immense amount of
effort has gone into establishing synthetic control in order to realize their size-tunable
properties.
Si has long been the semiconductor of choice in the fabrication of
microprocessors and other electronic devices. This is due in part to its ease of processing
relative to other semiconductors (e.g., germanium (Ge)), as well as its high-quality native
surface-oxide layer that acts as excellent insulator, a necessary component of modern
transistors.5 Direct transitions between the conduction and valence band extrema are not
possible in Si. Transitions between the extrema require participation of a phonon. As a
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consequence, optical emission and absorption across the bandgap are weak. Nonetheless,
nanocrystalline Si overcomes some of the limitations of its bulk counterpart due to
changes in the electronic band structure when one or more of the crystallite dimensions
are on the nanometer length scale. Specifically, nanocrystalline Si is observed to be
optically active when the dimensions are reduced to a few nanometers. Furthermore, the
bandgap energy (Eg) is expected to be dependent on the size of the crystallite domains
and therefore tunable.6–9 The size-dependence of the optical properties of Si on the
nanometer length scale heighten the potential for the development of all Si-based
optoelectronic devices in which signals would be transferred by photopulses (i.e., light)
generated by the nanocrystalline Si diodes.10–13 Currently, the development of this type of
technology is largely limited by the low efficiency and instability of the PL of Si
nanomaterials. This low efficiency is thought to be caused in part by a variety of
electronically active energy states belonging to defects that develop on the Si surface, the
presence of which are expected to reduce the yield of radiative interband transitions. This
dissertation studies the effect of the instability of the hydride-passivated silicon
nanoparticle (H-Si NP) surface on the observed optical properties. Ideally, by obtaining a
better understanding of the conditions of formation and chemical reactivity of the defects
present on the H-Si NP surface, one could envision being able to mitigate the reactivity of
the Si NP surface and, as a result, optimize the optical performance of the material.

1.2

Technological developments leading to photoluminescent silicon
In late 1947, Drs. Bardeen, Brattain, and Shockley created the first successful

semiconductor amplifier, which operated based on the principles of the transistor effect.
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Figure 1.1. Schematic of the first point-contact transistor.14
	
  
This new technology quickly replaced vacuum tube amplifiers owing to its low energy
cost of operation and the transistor is now one of the most ubiquitous technologies in
devices produced worldwide. The original device consisted of a single-crystal of n-type
Ge with two metallic point contacts located within 0.005 cm of one another on the
surface of the crystal, and a larger contact at the base. They discovered that when a small
positive bias was applied on the emitter contact and a negative bias on the collector
contact, small changes to the emitter current resulted in an amplification of the collector
current. A schematic of the first point-contact transistor is shown in Figure 1.1.14
In the mid-1950s, shortly following the invention of the Ge point contact
transistor, researchers at Bell Telephone Laboratories (Bell Labs) began to investigate
ways to replace Ge with Si.15,16 One driving factor for doing so was the higher natural
abundance of Si, and therefore lower cost of Si relative to Ge. In addition, Si crystals
exhibited higher stabilities at elevated temperatures versus Ge, which would prove to be
crucial in the role of transistors.5 Optimization of the electronic performance of the Si
crystals required the development of methods for removing defects from the crystal
3	
  

surface prior to device construction. Anodic polishing was the standard technique for
doing so with Ge crystals; therefore, the technique was modified to remove defects from
Si crystals as well.
In anodic polishing of a Group IV wafer, the semiconductor crystal serves as the
anode and is placed in an electrolytic solution containing hydrofluoric acid (HF) and a
platinum cathode. A current is passed through the cell to result in the formation of an
anodic film on the surface of the crystal.17 The layer that is formed on the surface of the
crystal is slightly soluble in the electrolytic solution, and therefore slowly dissolves over
time to expose new layers of atoms. Using anodic polishing, the researchers at Bell Labs
were successful in the preparation of atomically smooth p-type Si surfaces in
concentrated solutions of HF if a threshold current density of 0.01 – 0.1 A/cm2 was
exceeded on the surface of the crystal.16 Additionally, they observed that the current
densities necessary to polish p-type Si were not sufficient for n-type Si. Further studies
into the etching mechanism of n-type Si suggested that below a threshold current density,
the process was actually causing a thin mesoporous film to form on the crystal surface.17
At the time, it was determined by electron and X-ray diffraction that the surface was
amorphous, and that the outermost layer was made up of divalent Si atoms. It was further
concluded that strong UV-illumination would be required in order to polish n-type Si,
rather than etch the surface.
Developments in transmission electron microscopy (TEM) prior to the 1980s
eventually made it possible to study the morphology of the polished wafer surfaces. TEM
analysis of the surfaces confirmed that the n-type Si wafer was pitted rather than
smooth.18 On closer inspection, it was observed to be composed of a mesoporous network
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containing nanoscale Si domains, and the material was called porous Si (p-Si) by the
scientific community from that point forward. However, it was not until 1990 that intense
PL from p-Si was first reported.19 The visible PL was thought to occur due to twodimensional size effects in the nanoscale Si domains, which result in an increase in the
bandgap of Si versus its bulk value. Since that first report of visible PL from nanoscale Si
domains, the field of Si nanomaterials has grown exponentially and now includes studies
of ultra-small, colloidal Si nanoparticles (Si NPs) in variety of applications. Solid-,20–23
solution-,24–29 and gas-phase30–33 reductions of Si precursors are methods currently used
to synthesize Si NPs. Extensive descriptions of the synthesis methodologies published to
date have been reviewed elsewhere.34,35

1.3

Emergent optical applications for silicon nanoparticles
Numerous applications have been proposed for photoluminescent nanocrystalline

Si, most of which take advantage of the theoretically size-tunable optical absorption and
emission capabilities. For example, both p-Si and Si NPs have been demonstrated as
fluorescent sensors to detect a variety of organic compounds, such as formaldehyde and
nitro-functionalized aromatic compounds.36–39 In addition, Si NPs have been envisioned
as replacements for traditional organic dyes in a variety of sensing and tracking
applications owing to their strong visible PL and superior resistance to photobleaching
and photodegredation.22,23,40–42 For biomedical imaging and sensing applications, red-toNIR-fluorescence is desired, since these wavelengths penetrate tissue, and do not damage
cells. While the number of red-to-NIR-emitting molecular organic dyes is limited (e.g., to
cyanine and rhodamine dyes and some of their derivatives), protocols for synthesizing
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red-fluorescent Si NPs are well established.21,23,43 Another intended application for
emissive Si NPs is in optoelectronic devices. Currently, modern optoelectronic devices
use III-V semiconductor nanoparticles as the light-emitting diodes, which are then
interfaced to the electronic silicon-based circuitry. However, the lattice mismatch that
occurs between silicon, the main component in electronics, and the III-V diode materials
substantially increases the difficulty of device fabrication. Therefore, the ability to use
silicon as the light-emitting diode material would potentially make optoelectronic device
fabrication much easier, and is a focus of much silicon nanomaterial research.10–13,44
Difficulties involved with integration of nanocrystalline Si into commercial
devices arise in stabilizing the PL intensity and energy in aqueous or aerobic
environments.23,41,45 Changes in the PL of nanocrystalline Si over time, presumably
alongside alterations in the surface chemistry or size of the particles, have been reported
consistently across the literature.23,30,46 However, the promise of robust, inorganic
fluorophores with size-dependent optical properties continues to motivate researchers to
develop strategies to mitigate the changing PL energy and intensity.

1.4

Electronic structure of semiconductors and their optical properties
Semiconductors can be sorted into two groups: direct bandgap and indirect

bandgap materials. In direct bandgap semiconductors, such as cadmium selenide (CdSe)
or lead sulfide (PbS), the valence and conduction band extrema are aligned along the
k-axis (∆k = 0) (Figure 1.2A). This means that there is no required change in momentum
for charge carriers undergoing interband transitions, and therefore direct bandgap
materials exhibit strong optical transitions. In contrast, the valence and conduction band
6	
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Figure 1.2. Simplified E - k diagrams for (A) direct bandgap and
(B) indirect bandgap semiconductors. The lowest energy transition is
indicated as Eg in both panels.
extrema are not aligned along the k-axis (∆k ≠ 0) in indirect bandgap semiconductors
(Figure 1.2B). Because of this, photons do not have enough momentum to excite an
electron across the indirect bandgap alone. In order for transitions across an indirect
bandgap to occur, they must be coupled with phonons (i.e., lattice vibrations), which have
enough momentum to elicit the transition. Indirect bandgap materials are therefore
exhibit weak optical transitions. As a result, the radiative rates of interband transitions for
direct bandgap semiconductors are much greater than the radiative rates of interband
transitions for indirect bandgap semiconductors.

1.5

Quantum confinement in semiconductors
As the size of either a direct or an indirect bandgap semiconductor is reduced to

nanoscale domains, the electronic structure deviates from that of the bulk material. When
the dimensions approach the Bohr exciton radius of the material, size-dependent
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Figure 1.3. Schematic showing the effect of size reduction on the density
of states of a semiconductor. Adapted with permission from (J. Phys.
Chem. 1996, 100, 13226-13239). Copyright © 1996, American
Chemical Society.
electronic properties are expected.7,11 As the ratio of surface-to-interior atoms increases
with decreasing size, the density of states (DoS) of atomic orbitals at the band edges
decreases, and discrete electronic states develop at the band edges, as shown in
Figure 1.3.11 As the crystallite size is further reduced, elimination of atomic orbitals from
the band edges results in an increase in the energy between the valence and conduction
band extrema. The inverse relationship between crystallite size and bandgap energy (Eg)
is referred to as the quantum confinement (QC) effect, and can be exploited for the
synthesis of semiconductor NPs with specific PL energies.
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1.5.1

Quantum confinement in silicon nanoparticles
To date, numerous protocols have been developed for the size-selective, and

therefore PL-energy selective, synthesis of direct bandgap semiconductor nanoparticles,
which are also called quantum dots (QDs).4,47 The use of PbS, CdSe, and other QDs in
cellular imaging, electronic devices and photovoltaic systems has been proposed, and in
some cases achieved commercially.4 However, concerns regarding the toxicities of these
QDs have been established in the literature.48 Si NPs have been proposed as a potentially
less-toxic alternative to heavy-metal containing QDs in the same applications.41
Si is an indirect bandgap semiconductor with an Eg of 1.1 eV. Even though
radiative recombination of an electron-hole pair across the indirect bandgap is
momentum forbidden in the bulk material, Si nanomaterials exhibit strong, visible PL.
This can be attributed to the Heisenberg uncertainty principle, by which it can be
rationalized that as the particle volume decreases, the uncertainty in the position of the
charge carriers decreases, which results in an increase in the uncertainty in their
momentum.11 Thus, as the size of the crystalline domains are reduced towards the Bohr
exciton radius of Si (4.3 nm49), the selection rule thus becomes relaxed and radiative
recombination becomes less forbidden.
According to theoretical predictions, in an ideal Si NP the optical absorption and
emission pathways are interband transitions, and the size of the Si NP is the dominant
variable in determining the energy of the transitions.6,50 The effective mass
approximation (EMA) equation is commonly used to predict the Eg for a given particle
diameter.6,9 The salient feature of each of these equations is the dependence of Eg on the
inverse square of the nanoparticle diameter. Equation 1 is one version of the EMA, which
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was adapted by Hessel et al.,9 that summarizes the relationship between particle
diameter (d) and Eg:
                                                                          𝐸 𝑑 = 𝐸! +

!! !!

!
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+ !∗ −
!

!.!"#! !
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Equation 1

where E(d) is the bandgap energy for a given Si NP diameter, me and mh are the effective
masses of an electron and a hole, e is the electron charge, and εR is the relative
permittivity of Si (11.86). In this equation, the first term, Eg, is the bandgap of bulk Si
(1.1 eV), the second term in the equation corresponds to the energy associated with a
quantum well, and the final term accounts for electron-hole attraction and is called the
Coulomb term. The relationship described in Equation 1 is plotted in Figure 1.4 as the
bandgap energy of the confined Si NP domain versus the Si NP diameter (solid line).9

Figure 1.4. Plot of peak PL energy versus Si NP diameter. EMA prediction
shown as a solid line. Symbols represent experimental results reported in
literature. Reprinted with permission from (Chem. Mater. 2012, 24,
393−401). Copyright © 2012, American Chemical Society.
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According to Figure 1.4, the average Si NP diameter would theoretically need to be
between approximately 1.5 - 2 nm in order for visible PL to be observed, although
experimentally, visible PL has frequently been observed from Si NP samples with larger
population mean diameters. It should be noted that the EMA has been reported to
overestimate the effect of QC on the bandgap energy.6 Even so, the EMA is commonly
used in the literature to predict the size-dependent bandgap energies expected for
Si NPs.6,7,9,51

1.6

Observed photoluminescence from nanocrystalline silicon

1.6.1

Size-dependent photoluminescence from nanocrystalline silicon
An ideal Si NP has a large number of Si atoms located on the edges, corners, and

faces of the nanocrystal that have less than four bonds to other Si atoms. Consequently,
the surface Si coordination environments are not complete, which can be expected to
result in high energy surface defects, such as free radicals (called dangling bonds) or
Si=Si dimers, filling the remaining sites.[REF] Structures such as Si=Si dimers and free
radicals are unstable, and so these sites can react with either atomic or molecular
passivants, such as hydride or hydrogen, to result in a lower energy surface.
Hydride-passivation of the reactive surface Si sites is frequently used in
computational modeling of ideal systems, owing to the negligible effect hydrogen has on
the Si NP electronic structure as well as its ability to provide adequate coverage of
terminal Si bonds.49,52–55 Experimentally, evidence for PL due solely to QC has been
shown by numerous groups for hydride-passivated nanocrystalline silicon. For example,
in a study published by Wolkin et al. in 1998, they reported that when Si NPs are
11	
  

hydride-passivated, the predominant exciton recombination pathway is an interband
transition.52 Several other groups have also shown PL dependence on NP size for initially
large, red-emitting, hydride-passivated Si NPs (H-Si NPs) as their sizes are chemically
modified.9,21,30,56 In these studies, decreases in the Si NP diameter are concurrent with
increased PL energies, which supports QC theory.9,21,30,52,56 However, even though QCbased PL has been reported for H-Si NPs, the Si-H bond is known to be
thermodynamically weak relative to other Si-X bonds (X = O, N, F, etc.) and therefore it
is expected to be unstable in experimental and ambient conditions. As a result, the
H-Si NP surface is expected to be highly reactive and prone to formation of surface
defects that could impact the interband PL.
1.6.2

Effect of defects on photoluminescence from silicon nanoparticles
It is generally understood that the surface composition of Si NPs heavily

influences the type and number of carrier recombination pathways present within a
specific Si NP. 40,43–53 For example, surface reconstructions, chemical impurities, lattice
vacancies, dislocations, etc., can produce characteristic energy states (defect states)
within the electronic structure of the Si NP with a corresponding DoS proportional to
their concentration within the crystal lattice.5 However, for a defect state to be
electronically active and interfere with interband transitions, its associated energy level or
band of levels must lie within the silicon bandgap.5 Since the average time it takes for an
electron or hole to relax to a defect state is up to four orders of magnitude faster than
interband recombination for silicon, photogenerated carriers are highly susceptible to
capture by electronically-active defect states.5 As a result, if defect states are present and
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electronically active, they are expected to dominate the observed photophysical
properties.
Most chemical modifications made to the H-Si NP surface, with the exception of
alkyl-passivation,9 are reported to introduce electronically active defect states into the
electronic structure that can reduce the radiative yield of interband transitions. For
example, oxidation of high surface area Si occurs readily in ambient and laboratory
conditions and is frequently cited to coincide with sudden, drastic changes in the
observed PL.23,51,52,55,65–67 However, the observed increase or decrease in emission energy
that oxygen passivation causes varies from study to study.
Several groups have studied the effects of oxide shells on the photophysical
properties of nanocrystalline Si.56,60,61 In one study,69 720 nm PL (λexc = 488 nm) from
p-Si was attributed to non-bridging oxygen hole (NBOH) centers (e.g., Si-O- and
Si-O---H---O-Si) present at the interface of the nanocrystalline Si domains and the
surface oxide. These NBOH centers have the same chemical composition as the NBOH
centers that have been reported in a separate study to be the cause of 652 nm PL
(λexc = 514 nm, 258 nm) from a-SiO2, which lacks elemental Si domains.68
Changes in the observed PL from nanocrystalline Si have also been attributed to
changes in the surface oxidation of nanocrystalline Si domains. For example, in two
studies conducted by Kanemitsu and coworkers,65,70 the group provided evidence for
carrier trapping by electronic states resulting from defects at the interface between Si NPs
and an a-SiO2 surface layer. In the latter study, originally non-photoluminescent Si NPs
were observed to emit intense 750 nm PL (λexc = 355 nm) following the formation of an
a-SiO2 surface layer.61 Conversely, others have reported the development of high energy
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PL from originally red-emitting Si NPs concurrent with surface oxidation.63,67 For
example, in a study conducted by our group, we characterized changes in the
photophysical properties of initially 690 nm-emitting (d = 4 nm, λexc = 370 nm), alkylpassivated Si NPs following exposure to a series of n-alcohols varying in hydrocarbon
chain length.

67

We reported that the development of surface oxide (observed by FT-IR)

was associated with the development of a new emission band with a λmax of 450 nm when
excited at 370 nm. This was observed to occur to the greatest extent when the Si NPs
were exposed to the shortest chain alcohols that were least sterically hindered from
access to the Si NP surfaces. On the basis of all data, including size analysis by TEM and
time-resolved PL spectroscopy, we proposed that the developing high-energy PL
originated from the formation of an oxide-related extrinsic state. However, the exact
chemical identity of the extrinsic, emissive center remains disputed.
Carrier trapping by defect states can also lead to the emission of a phonon, rather
than a photon (i.e., can occur non-radiatively). For Si NPs, the most commonly suspected
source of non-radiative decay is the Si-based radical trap state (also called a dangling
bond).13,49,57,65,67,71–73 In fact, it has been suggested that dangling bonds form highly
efficient non-radiative recombination centers, such that the presence of a single dangling
bond in a Si nanocrystal is sufficient to prevent PL.49 Experimentally, dangling bonds
have been shown to be present both on the surface of silicon nanoparticles,74 as well as at
the crystal-oxide interface of oxidized Si NPs.56,72 In these studies, the presence of Sibased radicals was correlated with reduced PL intensities, which is in good agreement
with theoretical predictions.
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In a computational study conducted by Delerue and co-workers, the influence of
dangling bonds on the electronic structure of porous silicon (p-Si) was analyzed.49 In the
study, the authors analyzed the mechanism of charge carrier trapping at an unoccupied
trap state that was located just below the conduction band minimum in energy. They
reported that for nanocrystalline silicon with bandgaps less than 2.2 eV (560 nm), nonradiative recombination of an exciton at a neutral dangling bond can occur quickly
(rate = ~105 – 107 ms-1) via a two step process in which the electron and hole are trapped
sequentially. The study also reported that non-radiative decay could happen so quickly
that the presence of a single dangling bond on the surface of p-Si would likely be
sufficient to prevent interband carrier recombination.

1.7

Surface defect prevention in silicon nanoparticles
In order to prevent the development of defect states, it is necessary to passivate

the surface without the formation of surface species that have electronic states that lie
within the bandgap of the Si NP. Hypothetically, a high quality amorphous silicon
dioxide (a-SiO2) layer could passivate the surface without forming electronically active
defect states, also called trap states. One argument in favor of using a-SiO2 as a surface
passivant is that it can in theory passivate the surface without disrupting the silicon
lattice, where disruptions or distortions of the lattice could result in trap states.5,11 Second,
the band edges of the a-SiO2 layer lie outside the bandgap of silicon (Eg = ~8.9 eV)75.
Thus, a-SiO2 is considered electronically inactive and is considered to be an electrical
insulator. However, the formation of such a layer is difficult to achieve experimentally,
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and surface oxidation typically results in the formation of electronically active states
within the bandgap.23,51,52,55,63,65–68,70
Alkyl-passivation has long been used in order to surface stabilize bulk and
nanocrystalline silicon surfaces, in particular against ambient oxidation. Alkylpassivation is thought to have negligible effects on the photophysical properties of the Si
domains, similar to hydride-passivation.76 To this end, experimental evidence suggests
that the Si NP surface can undergo alkyl-passivation as a means to preserve interband
PL.9 Consequently, numerous methods have been developed to form stable, Si-C
passivated surfaces. The first report of covalently bound alkyl monolayers on planar
silicon surfaces was achieved by the pyrolysis of diacyl peroxides in the presence of
hydride-passivated surfaces.77 The authors postulated that the reaction proceeded by
initial abstraction of surface bound hydrides, followed by passivation of the intermediate
silicon radical species by a second equivalent of alkyl radical generated by the pyrolysis
reaction. While the reaction produced alkyl passivated surfaces, as evidenced by
complete loss of the initial Si-H bonding features, as much as 30 % of the monolayer
formed was shown to be Si-O-C passivation as opposed to pure Si-C bonding.
Since then, the majority of the reactions that have been reported to yield alkylpassivated Si surfaces have focused on the addition of Si-H bonds across unsaturated
hydrocarbon bonds (i.e., hydrosilylation),78 as shown in Scheme 1.1. The two most

Si

H

+

Si

Scheme 1.1. Hydrosilylation reaction resulting in formation of Si-C bonds.
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common hydrosilylation techniques in the literature are organometallic catalysis and
radical initiated reactions, the latter of which is the subject of discussion in Chapter 3.	
  
Lewis acid catalyzed hydrosilylation was among the first organometallic catalysis
reactions that was shown to form stable, Si-C bound alkyl monolayers on Si
surfaces.76,79,80 For example, reaction of hydride-passivated porous silicon surfaces with
terminal alkenes and alkynes in the presence of catalytic amounts of EtAlCl2 was shown
to form stable Si-C bonding at room temperature.80 In that study, the authors reported a
maximum reaction efficiency of 28 % when hydrosilylation was conducted with terminal
alkenes, which was determined by calculating the percent decrease in the integrated
intensity of the Si-H bond at 2100 cm-1, as monitored by infrared (IR) spectroscopy.
They

furthermore

showed

that

the

reaction

afforded

high

tolerance

to

ω-functionalized 1-alkenes, with a strong preference for alkyl-passivation of the surface.
The majority of hydrosilylation reactions reported to date fall into the class of
radical initiated reactions, which have been shown to produce surfaces with much higher
alkyl coverage than their organometallic catalysis counterparts. Thermal- and UVassisted hydrosilylation reactions are perhaps the most commonly cited silicon surface
alkylation reactions.81–88 These reactions have long been accepted by most (not all83)
groups to proceed via the addition of surface silicon radicals to unsaturated carboncarbon bonds. Furthermore, these reactions are commonly accepted to be initiated by the
homolytic cleavage of the Si-H bond, which is accomplished either thermally or
photolytically and results in reactive silicon radicals. It should be noted that a recent
report suggested that homolytic cleavage of surface Si-Si bonds, rather than Si-H bonds,
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Scheme 1.2. Reaction of a Si surface radical with an alkene.
is the source of silicon radicals, although either way, the result of the reaction is alkylpassivated surfaces.82
In radical-mediated hydrosilylation, it is generally accepted that Si radicals react
with terminal unsaturated carbon bonds at the C1-position, forming an intermediate alkyl
radical at the C2-position. Subsequently, propagation of the surface passivation continues
by abstraction of a neighboring hydride from the Si surface by the alkyl radical, thereby
forming a new reactive Si radical site, as shown in Scheme 1.2. Thermal hydrosilylation
reactions using dry, degassed 1-alkenes have been reported to produce surfaces with up to
70 % alkyl passivation, depending on the steric hindrance of the ligand at the surface.83–86
Si-H bond cleavage, and subsequent hydrosilylation of the Si surface, has also been
reported to have been accomplished by UV irradiation (λ ≤ 350 nm) at room temperature,
producing surfaces with as high as 45% surface coverage.87

1.8

Motivation for the following studies
To the author’s knowledge, there are no reports of hydrosilylation resulting in a

Si NP surface with greater than 70 % alkyl-coverage. This means that the surface
composition of alkyl-passivated Si NPs, which has been well-established as having a
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large role in the optical activity of Si NPs, is not homogenous. Furthermore, un-reacted
Si-H surface sites may remain immediately following hydrosilylation. This may lead to
surface oxidation over time, since the Si-H bond has been well-established as an unstable
surface bond. Thus, the further reactivity of Si-H bonds remaining after hydrosilylation
could result in unstable PL over time.
Ideally, by obtaining a better understanding of the nature and reactivity of the
defects present on the H-Si NP surface, one could envision being able to mitigate the
reactivity of the Si NP surface and, as a result, optimize the optical performance of the
material. It is therefore prudent to examine a simple system, such as H-Si NPs, to
understand the conditions under which specific defects form, in addition to how these
defects impact light absorption and emission by Si NPs.
Thus, this dissertation examines the correlation between changes in the surface
composition of H-Si NPs and changes in PL, as a function of chemical environment and
time. Using spectroscopy to examine the chemical and photophysical changes to the
Si NPs, we are able to correlate changes in the optical properties due to the formation of
surface defects with the conditions of their formation. These results shed light on the
expected behaviors of Si NPs under conditions typically present in the applications
outlined in Section 1.3, and provide guidance as to how deleterious defects can be
avoided to improve the optical property stability of Si NPs.
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Chapter 2
Synthesis of hydride-passivated silicon nanoparticles
from polymeric HSiO1.5
2.1

Introduction
A thorough description for the synthesis of red-emitting, hydride-passivated

silicon nanoparticles (H-Si NPs) is discussed below. First, HSiCl3 undergoes hydrolysis
and polycondensation to produce a polymer with a putative stoichiometry of (HSiO1.5)n.
Then, nanocrystalline Si0 domains encased in an amorphous silicon oxide matrix are
produced through a high temperature processing of the polymer. Finally, H-Si NPs are
isolated from the oxide by a wet chemical etch.

Chemical characterizations are

performed after each reaction step en route to the H-Si NP suspensions that are further
studied in Chapters 2 through 5 of this dissertation.

2.2

Experimental

2.2.1

Materials
Trichlorosilane (HSiCl3, 98 %, Ar-protected, Alfa Aesar, Ward Hill, MA),

hydrofluoric acid (HF, ACS reagent, 48-51 % solution in water, Acros Organics, NJ),
ethanol (abs-EtOH, C2H5OH, anhydrous, Pharmco-AAPER, Brookfield, CT), n-hexane
(C6H14, Sigma-Aldrich, St. Louis, MO), and toluene (reagent grade) were purchased and
used without further purification. Millipore water (H2O, 18 MΩ•cm resistivity) was used
exclusively in the polymerization and etching procedures. Laboratory deionized water
(DI-H2O), methanol (MeOH, CH3OH, reagent grade), and nitric acid (HNO3, reagent
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grade, Fisher Scientific, MA) were used to clean the aluminum disks for elemental
analysis.
2.2.2

Synthesis of polymeric HSiO1.5
A 100 mL 2-neck round bottom flask was equipped with a 1 cm egg-shaped

magnetic stir bar and sealed with a line valve and a rubber septum. The flask then
underwent three cycles of evacuation followed by purging with Ar to eliminate ambient
air from the system. Throughout the remainder of the procedure, the flask was left under
an over pressure of Ar. Meanwhile, the flask was brought to 0ºC by submerging the
entirety of the flask in an ice bath (all but the flask’s necks were below the water level).
Then, 5.0 mL of HSiCl3 was injected rapidly into the flask using a disposable syringe and
needle. CAUTION: HSiCl3 is extremely volatile, and will react with moisture in the air. It
should remain under a blanket of Ar at all times, and its exposure to ambient temperature
should be be kept to a minimum (stored at 4ºC in dark). Always use syringes with Luer
locks when handling HSiCl3 to prevent accidental needle ejection.
The HSiCl3 was equilibrated at 0ºC over the course of 2 – 5 min following
injection, at which point 5.5 mL of H2O was rapidly injected into the flask using a new
disposable syringe and needle. As the H2O was injected, the formation of a white
polymer was observed where the H2O came into contact with the HSiCl3. If the H2O is
injected too slowly, volitalized HSiCl3 can react with H2O inside the needle and clog it.
To maximize the contact between the H2O and the HSiCl3, the flask can be tilted or the
stream of water can be “moved around”. CAUTION: this reaction is highly exothermic,
so maintaining the entire round bottom portion of the flask below the ice water level is
important. It should also be noted that HCl(g) is a byproduct of the reaction, and it is
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important to keep the flask open to the Schlenk line otherwise there is risk of explosion,
or the septum being pushed off, due to rapid volume increase.
Following injection of the H2O, the reaction was left to react for 5 – 10 min at
0ºC. Afterward, the reaction was vented using a disposable needle under flowing Ar to
purge the HCl(g) from the flask. An acid trap was fashioned to minimize the corrosion of
metallic objects in the fume hood. The pH of the air flowing out of the vent was tested
periodically with wet litmus paper for 2 – 5 h to monitor the loss of HCl. When the pH no
longer tested acidic, the polymer was then dried under flowing Ar for 24 h. A typical
synthesis yields approximately 1.25 g of dry polymer. The chemical composition of the
polymer was analyzed by infrared (IR) and X-ray photoelectron (XP) spectroscopies.
Polymer samples were stored in a vials under a blanket of Ar until further use.
2.2.3

Thermal processing of polymeric HSiO1.5
The dry polymer was annealed at high temperatures under flowing N2 to produce

Si NPs embedded in a matrix of SiO2. In each experiment, approximately 0.5 g of
(HSiO1.5)n was loaded into a 5.0 mL alumina combustion boat (Coors). The sample was
then placed into a quartz tube (13/16” ID, 15/16” OD) positioned within a horizontal tube
furnace (Lindberg/Blue M, Thermo Fisher Scientific, USA). The temperature of the
furnace was increased at a rate of 20ºC/min to a maximum temperature between 950 and
1100ºC (50ºC intervals). The furnace was then held at that temperature for a total time
between 30 min and 10 h to elicit varying degrees of thermal disproportionation of the
suboxide into c-Si and a-SiO2. The temperature of the furnace was then brought back
down to room temperature over the course of 3 – 4 h. In some cases, the cooling setting
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of a heat gun was used to increase the rate of cooling when the oven temperature fell
below 200ºC.
After annealing, the resulting coarse, light brown powder was then ground into a
finer powder either using a mortar and pestle, or by mechanical milling inside a tungsten
carbide (or stainless steel) lined milling vial with two 1 cm tungsten carbide (or stainless
steel) balls. Mechanical milling was done for 10 s (time established by prior student)
using a Spex 8000M mill mixer (SPEX Sample Prep, Metuchen, NJ). XRD and XPS
were conducted on select finely ground powders to study the crystallinity and chemical
composition, respectively.
2.2.4

Liberation of Si NPs from oxide matrix
After grinding to a fine powder, the annealed powder was next chemically etched

to isolate the Si domains as hydride-passivated Si NPs (H-Si NPs). First, approximately
0.5 g of the finely ground, annealed powder was added to a 150 mL Teflon sample cup.
Next, 5.0 mL of abs-EtOH and 5.0 mL of H2O were added, and the sample was sonicated
to disperse the solid and homogenize the mixture. A 2 cm magnetic stir bar was then
added to the sample cup, the mixture was set to stir, and 5.0 mL of HF was added. The
addition of HF to the mixture resulted in the visible evolution of a gas. The mixture was
loosely covered with a plastic weigh boat and left to stir for 60 min in ambient air and
light. CAUTION: HF is a weak acid with a strong affinity for Ca2+. It will react in
stoichiometric equivalents with calcium in bones; it is only to be used with extreme
caution. All reactions involving HF should be done in a hood designated for HF use.
Always alert others in the surrounding area when it is being handled, and keep
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Calgonate cream and calcium salts nearby in the case of accidental skin contact or
spillage.
After etching for 60 min, the aqueous mixture was carefully poured into a
50 mL polypropylene centrifuge tube, and ~15.0 mL of either hexane or toluene was
added on top of the solution. The tube was then tightly capped and mixed using a vortex
mixer to phase-transfer the H-Si NPs into the non-polar phase. The suspension was then
left to settle for ~10 s before 5.0 mL of the suspension containing H-Si NPs was extracted
from the middle of the non-polar layer using a 5 mL pipettor and added to a storage
vessel (vial, round bottom, etc.). An additional 5.0 mL of either hexane or toluene was
then added to the centrifuge tube, the tube sealed and the solution was mixed. Another
5.0 mL of the suspension was then extracted from the middle of the non-polar layer and
added to the secondary storage vessel. This extraction was performed a total of 8 – 10
times resulting in a total of 40 – 50 mL of suspended H-Si NPs. The H-Si NPs were then
analyzed by IR, PL, and XP spectroscopies as well as by transmission electron
microscopy (TEM). The suspensions were stored under Ar until further use.
2.2.5

Fourier-transform infrared (FT-IR) spectroscopy
FT-IR

spectroscopy

was

conducted

using

a

Thermo

Nicolet

iS10

spectrophotometer equipped with a single-bounce diamond attenuated total reflectance
(ATR) attachment. Suspensions were measured by depositing drop-cast films onto the
ATR attachment and allowing the solvent to evaporate at room temperature. Solid
samples were directly deposited onto the diamond crystal with a disposable plastic
spatula and compressed onto the crystal. For each sample, a total of 64 scans were
collected from 4000 – 650 cm-1 (2 cm-1 resolution) and were signal averaged to yield the
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final IR spectrum. In some cases, a linear baseline subtraction was required to correct for
light scattering intensity, which increases linearly with energy and results in an apparent
decrease in transmittance at higher energies; no other data processing was conducted.
2.2.6

X-ray photoelectron spectroscopy (XPS)
Polymer samples before and after annealing were prepared for XPS by

suspending a small amount (end of a spatula tip) of the solids in a minimal volume of
hexane to create slurries. The slurries were then drop-cast onto Al disks and dried at room
temperature. The Al disks were washed in HNO3 and rinsed with DI-H2O and MeOH
thoroughly prior to sample preparation. The Al substrate was then secured onto an
aluminum sample platen with commercial double-sided tape.
XPS was conducted using a Versaprobe II (Physical Electronics Inc., PHI,
Chanhassen, MN) operating at 15 kV and 25 W, with a monochromatic Al Kα X-ray
beam (100 µm spot size). Data were collected at a rate of 20 ms/ step. Survey scans were
collected with a pass energy of 187.5 eV and step size of 0.2 eV (2 scans averaged). All
spectra were collected with dual neutralizers enabled. Detailed scans of specific
elemental binding energies were collected with a pass energy of 23.5 eV and a step size
of 0.1 eV for better peak resolution. A total of 6 scans of the Si(2p) and O(1s) regions
were averaged to yield the final spectra, while 3 scans of the other regions were averaged.
Peak fitting of the measured XP spectra was done using the associated XPS
Multipak software suite. Spectra were calibrated against the adventitious C(1s) peak
(284.9 eV), and smoothing and background subtraction were applied using the default
software settings. Integrated peak areas were used to determine the relative
concentrations of elements and atomic oxidation states.
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2.2.7

X-ray diffraction (XRD)
XRD was performed on a Rigaku Ultima IV X-ray diffraction system (Rigaku

Americas, The Woodlands, Texas) with a monochromated Cu Kα X-ray beam operating
in Bragg-Brentano geometry. Data were collected between 10º and 60º 2-theta in 0.1º
intervals at a rate of 3º/min on finely ground powders.
Peak fitting of the measured data was done with the associated PDXL software
according to the standardized procedure outlined in the user manual (Version 1.8.0.3) in
order to resolve the overlapping c-Si and a-SiO2 phases. Briefly, the relative heights and
widths of the overlapping peaks were manually adjusted in tandem with the background
in order to minimize the difference between the calculated pattern and the measured data.
Scherrer analysis of the c-Si phase line broadening was used to elucidate qualitative
trends in the effects of thermal processing conditions on c-Si domain size. Furthermore,
the percent crystallinity of the annealed samples was estimated by comparison of the
integrated peak area of the c-Si phase to the overall integrated area of all phases.
2.2.8

Photoluminescence (PL) spectroscopy
PL spectroscopy measurements of H-Si NP suspensions were performed with a

Shimadzu 5301-RFPM spectrophotometer equipped with a Xe arc-laser source. Samples
were excited with monochromatic 360 nm light through a 3 nm excitation slit, and
spectra were recorded from 390 – 700 nm after passing through a 5 nm emission slit.
Photoluminescence excitation (PLE) spectra were collected by varying the energy of the
excitation beam from 230 to (λmax – 10) nm while monitoring the intensity of the λmax
determined from the PL spectrum.

26	
  

2.2.9

Transmission electron microscopy (TEM)
A Technai-F20 transmission electron microscope (FEI, Hillsboro, OR) operating

at 200 keV and an extraction voltage of 4500 V was used to image the Si NPs. Samples
were prepared either by drop-casting Si NP suspensions directly onto a holey-carbon
coated 3 mm Cu grid or by dipping a grid into the suspension immediately following
sonication of the suspension to maximize dispersion of the Si NPs.

2.3.

Results and discussion

2.3.1

Synthesis of polymeric HSiO1.5 from HSiCl3
(HSiO1.5)n was synthesized from HSiCl3 according to the hydrolysis and

polycondensation reaction shown in Scheme 2.1. In the first step, Si-OH bonds are
formed by the hydrolysis of the Si-Cl bonds in HSiCl3, forming HCl gas as a byproduct.
The Si-OH bonds then undergo polycondensation, which forms a polymeric, Si-O-Si
bonded network, where each of the three oxygen (O) atoms bound to a single Si atom are
shared between two units. As can be seen in Figure 2.1, the IR spectrum of the dried
polymer contains overlapping peaks at 1050 cm-1 and 1090 cm-1, both of which are in the
region that has been attributed to Si-O bonding.9,34,40,47,58,63,69,72,75–83 Evidence for the
preservation of Si-H bonding is also shown by the peak at 2240 cm-1 in the IR spectrum.

HCl (g)
H
Si

Cl
Cl

Cl

+ H

OH

O
H
Si

Cl
Cl

OH

O

SiH
O

HSi

O

+ H2O

O

Scheme 2.1. Mechanism for the hydrolysis and polycondensation of HSiCl3.
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Figure 2.1. FT-IR spectrum of dry (HSiO1.5)n.
	
  
This peak is typically assigned as an Si-H stretch, where the Si atom is also bound to an
O atom.94 Finally, the peak at 820 cm-1 corresponds to H-Si-O vibrational modes.21
Compositional analysis of the dry polymer was conducted by XPS. A survey
spectrum ranging from 1100 – 0 eV is shown in Figure 2.2. The two leftmost arrows in
the figure correspond to the energies where characteristic Cl peaks would be expected.
The absence of peaks there suggests that HCl was successfully eliminated from the
reaction flask, and that Cl was not incorporated in the polymeric structure. The two
rightmost arrows in the figure correspond to the energies where characteristic Al peaks
are expected. As can be seen, there are relatively small peaks located in these regions,
which are attributed to the Al substrate on which the samples were prepared. The C 1s
peak located at 289 eV is commonly attributed to adventitious carbon due to short-term
exposure of the sample to ambient air during sample preparation.98
The remaining peaks in the XP spectrum can be attributed to signals resulting
from the polymer itself. The two peaks at ~980 and ~533 eV correspond to the O KL1L2,3
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Figure 2.2. XPS survey scan spectra of the dry polymer, measured in four different
regions of the same sample. Characteristic peaks are labeled by atomic orbital.
Locations indicated by red arrows correspond to absent Cl (left two) and Al substrate
(right two) binding energies.
and O 1s regions, respectively. The former peak results from the emission of an electron
from the L2,3 orbital, which occurs as a result of the emission of energy from the K to L1
transition. In addition, the two peaks at ~154 and ~103 eV correspond to the Si 2s and Si
2p binding energies, respectively. A more detailed analysis of the Si 2p region is shown
in Figure 2.3. The peak was best fit by two components. The first is the most intense,
located at 103.2 eV, and can be attributed to a suboxide of silicon (e.g., Sin+, where
n < 4). The second peak, located at 104.8 eV, can be attributed to heavily oxidized silicon
(e.g., Si4+). The latter peak is almost 10-fold less intense and appears as a small shoulder
on the high energy side of the major peak in the measured spectrum. These peak positions
are in good agreement with the predicted oxidation states of silicon in a suboxide
polymer.
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Figure 2.3. Si 2p region of the XP spectrum of the dry polymer sample prior to
annealing. The measured data (black) was fit by two peaks at 103.2 (green) and 104.8
(orange) eV. The calculated peak (red) results from the addition of the two fitted
peaks. The pale red dots correspond to residuals from the fit.
The measured percent compositions of oxygen and silicon in the dry polymer
were calculated from the survey spectra (Fig. 2.2) to be 51.7 and 29.5 atomic%,
respectively. Based on the empirical formula of the polymer, (HSiO1.5)n, it was expected
that the concentration of oxygen would be 1.5 times greater than the concentration of Si
in the sample. However, the concentration of oxygen was determined from the data in
Figure 2.2 to be 1.75 times greater than silicon. Discrepancies in the expected and
experimental results may be due to the presence of an oxide layer on the surface of the
aluminum disk, as well as C-O bonding in the adventitious carbon species. Both of these
sources of error would result in an expected oxygen to silicon ratio that is greater than
1.5:1.
30	
  

94

94

2.3.2

Thermal processing of (HSiO1.5)n
The formation of Si NPs from the high temperature processing of silicon

suboxides under an inert atmosphere has been studied extensively.9,21,91,99–107 The
suboxide precursor that is used most commonly in the literature for the production of
Si NPs is prepared from hydrolyzed, polycondensed hydrogen silsesqioxane (HSQ). The
resulting HSiO1.5 polymer has been suggested to react at high temperatures according to
the mechanism shown in Scheme 2.2.21 In the first stage of the reaction, at temperatures
above 250ºC, four equivalents of HSiO1.5 disproportionate into SiH4 and three molar
equivalents of SiO2. At temperatures above 350ºC, the SiH4 produced in the first stage
will decompose into amorphous, elemental silicon clusters (a-Si) and hydrogen gas is
evolved. However, if the second stage occurs below 350ºC, decomposition of SiH4 will
not occur. As a result, SiH4 will evolve from the reaction as a gas, which reduces the
yield of elemental Si from the synthesis. Finally, the third stage occurs when reaction
temperatures exceed 900ºC, where a-Si will undergo phase conversion into crystalline
silicon (c-Si or Si NPs).

3SiO2 + SiH 4

1. 4 HSiO1.5
2. SiH 4

a-Si + 2H2

3. a-Si

c-Si

Scheme 2.2. Balanced chemical equations showing formation of Si0 from HSiO1.5
at high temperatures.
The maximum holding temperature has been shown by XRD and TEM to have an
effect on the average size of the Si NPs produced from the annealing of HSQ-derived
(HSiO1.5)n, where higher temperatures produce larger Si NPs (3 - 18 nm Si NPs from
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Figure 2.4. XRD patterns of (HSiO1.5)n annealed for 10 h at the indicated
temperatures between 950 and 1100ºC. Reference patterns of (HSiO1.5)n and a Si
standard are shown. Peak positions expected for c-Si are indicated by the dotted
lines.
annealing at 1100º - 1350 ºC).9,21,99 For the HSiCl3-derived (HSiO1.5)n, we studied the
effect of a change in the maximum processing temperature on the average size of Si NPs,
as well as the estimated mass yield of Si NPs, by XRD. Figure 2.4 contains the XRD
patterns of HSiCl3-derived (HSiO1.5)n after annealing for 10 h at the indicated
temperatures between 950 and 1100ºC. XRD patterns of the dry polymer prior to
annealing and a silicon standard are shown in Figure 2.4 for reference.
Prior to any heat treatment, the XRD pattern of the dry polymer contains two
broad features that are typical of amorphous powders. When the polymer was annealed at
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Table 2.1. Effect of maximum annealing temperature on average
Si NP size and crystallinity for samples annealed for 10 h.
Max. Temp. (ºC)

Si NP size (nm)

Crystallinity (%)

950

-

-

1000

4

5

1050

3

10

1100

3

10

950ºC, the shape and position of the amorphous peak was slightly changed vs. the
unheated powder; however, peaks belonging to crystalline silicon were indiscernible.
When the maximum annealing temperature was increased to 1000ºC, broad peaks with
low intensity at 28º, 46º, and 55º 2θ became discernible, and are consistent with c-Si.
These peaks became more distinct as the annealing temperature was increased further to
1100ºC. It is to be expected that even higher temperatures would elicit greater conversion
to crystalline silicon from the annealed polymer; however, the tube furnace used in this
study is limited to 1100ºC.	
  
For samples in which the crystalline silicon (c-Si) phase was discernible from the
large amorphous features, the average Si NP diameter (d) and percent crystallinity of
each sample were estimated. First, the average size of nanocrystalline domains can be
estimated by XRD by analyzing the diffraction peak broadening with the Scherrer
equation,
!"

𝜏 =    !!"#  (!)

Equation 1

where τ is the nanocrystal diameter, κ is the shape factor (0.89 for spherical NPs), λ is the
wavelength of the diffracted beam (Cu Kα = 0.154 nm), β is the full-width at half max
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(FWHM) of the diffraction peak (in radians), and θ is the peak position of the diffracted
beam (2θ/2, in radians). According to the results shown in Table 2.1, the estimated Si NP
diameter does not show a strong correlation to the maximum processing temperature.
However, due to the difficulty in determining the c-Si peak widths from the amorphous
background in the data shown in Figure 2.4, the estimated Si NP size cannot be regarded
as reliable.
Next, the percent crystallinity of a sample was estimated by calculating the ratio
of the integrated peak areas of the c-Si phase to the overall integrated area of the
calculated, or best fit, pattern. Table 2.1 illustrates the effect of maximum processing
temperature on the estimated crystallinity of the annealed powders shown in Figure 2.4.
When annealed at 1100ºC vs. 1000ºC, the estimated percent crystallinity of the product
increased from 5 % to 10 %, which is consistent with expectations for raising the reaction
temperature. Determination of the percent crystallinity of the sample that was annealed at
950ºC for 10 h by the same method as the other samples was not possible due to the lack
of obvious features attributable to crystalline silicon domains in the XRD pattern.

Table 2.2. Effect of annealing time on average Si NP size and
crystallinity for samples annealed at 1100 ºC.
Time at 1100 ºC

Si NP size (nm)

Crystallinity (%)

5 min

2

20

30 min

3

20

90 min

2

20

10 h

3

10

34	
  

Furthermore, the same uncertainty that is present in the calculated Si NP diameters is
present for the calculated percent cystallinities, as a best fit pattern was used to calculate
both.
For a given temperature, the time that the samples were held at that temperature
was varied and XRD used to monitor the degree of crystallinity and Si NP diameter as a
function of reaction time. As can be seen in Table 2.2, a maximum conversion of the
polymer into c-Si is estimated to be reached at 1100ºC within the first hour of annealing,
and subsequently decreases with longer annealing times. Similar results were observed
for samples annealed at 1050ºC, (data not included). Overall, the observed qualitative
trends from the XRD data would suggest that standard annealing times of less than 120
min should be used in the future and that annealing should be conducted at the maximum
possible furnace temperature. Finally, for comparison against the percent crystallinites in
this section, which can be regarded as percent conversion to Si0 domains, the theoretical
conversion of Si0 from the polymer is 25 % according to the mechanism shown in
Scheme 2.2.
Given the data shown in Figure 2.4, it is not possible to make definitive
conclusions regarding the effect of annealing conditions on average crystallite size or
percent crystallinity. The results estimated in Tables 2.1 and 2.2 have a high margin of
error associated with them due to the subjectivity of manual peak fitting of the crystalline
phase peak width, since the 100% peak of the elemental silicon phase ((111) at
28º 2-theta) is convoluted with the prevalent scattering peak of the amorphous oxide.
However, although Scherrer analysis of the XRD data is unreliable, the bright red PL
observed from the powder after annealing under illumination with a 365 nm handheld
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UV-lamp would be consistent with ~ 3 nm particles as predicted by the effective mass
approximation (EMA).
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Figure 2.5. Representative XPS survey spectrum of the polymer following
annealing at 1100 ºC for 10 h under flowing N2. Characteristic peaks are labeled by
atomic orbital. Locations of N (leftmost arrow), Cl (middle two arrows) and Al
(rightmost two arrows) binding regions are indicated by red arrows.
For the studies presented in Chapters 3 and 4, the HSiCl3-derived polymer was
annealed at 1100ºC for 10 h. This was the standard protocol that was established prior to
this work, and these parameters were maintained such that results could be comparable.
The changes in the composition of the polymer as a result of these annealing conditions
were characterized by XPS. A survey spectrum, collected from 1100 – 0 eV, is shown in
Figure 2.5. The leftmost arrow in the figure indicates the energy range where a
characteristic N 1s peak would be expected. There are reports in the literature that
suggest that annealing of silicon suboxides in an N2 atmosphere may result in the
formation of Si-N type defects or Si-N bonding at the Si-SiO2 interface.57,108 However,
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Figure 2.6. Si 2p region of the XP spectrum of polymer annealed at 1100 ºC for
10 h under flowing N2. The measured data (black) was fit by four peaks at 99.5
(blue), 101.5 (teal),103.85 (green) and 105.3 (orange) eV. The calculated peak
(red) results from the addition of the four fitted peaks. The pale red dots
correspond to residuals from the fit.
the absence of a N 1s peak in Figure 2.5 (leftmost red arrow) suggests that either N was
not incorporated into the structure of the solid or is present below the limit of detection.
The second and third arrows from the left in the figure correspond to the regions where
characteristic Cl peaks are expected, which are again absent from the spectrum. The
rightmost two arrows in the figure indicate two peaks that are attributed to the Al
substrate on which the samples were prepared. Finally, the C 1s peak owing to
adventitious carbon that was present in Figure 2.2 is also present in Figure 2.5. Again, the
peaks corresponding to oxygen and silicon binding energies are attributed to the annealed
polymer itself. The peaks at ~980 and ~533 eV correspond to the O KL1L2,3 and O 1s
binding energies, respectively. The two peaks at ~154 and ~103 eV correspond to the Si
2s and Si 2p binding energies, respectively.
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A more detailed spectrum of the Si 2p peak is shown in Figure 2.6. The best fit of
the measured data contains four peak components, in contrast to the two components fit
to the Si 2p spectrum from the polymer prior to annealing (Fig. 2.3). The most intense
peak is located at 103.85 eV and is indicative of highly oxidized silicon (nearly 4+). Two
peaks with low intensity at 105.3 and 101.5 eV are likewise indicative of more highly and
less highly oxidized silicon atoms, respectively. Finally, there is a small peak at 99.5 eV
that was not present in the dry polymer before annealing. This peak supports the
formation of Si0 domains within the oxidized matrix. Only 3% of the integrated peak area
of the Si 2p region is attributed to elemental silicon, which is low relative to the
~10 % crystallinity roughly estimated by XRD (see Tables 2.1 and 2.2). This could be
due to the large uncertainty in the XRD analysis, or to differences in the depth of
penetration of the incident X-rays between the two techniques (XPS unable to penetrate a
thick a-SiO2 layer).
The measured percent compositions of oxygen and silicon in the dry polymer
were calculated from the survey spectra (Fig. 2.5) to be 56.5 and 15.0 %, respectively.
The reduced ratio of silicon to oxygen suggests that SiH4 may have been lost throughout
the annealing process before it could undergo decomposition within the solid matrix.
2.3.3

Liberation of Si NPs from oxide matrix
X
H

O

O
Si

Si

Si

H-OH
X-OH

H
X
+ 2 HF

F

+ 2 HF

Si
Si

SiF 4

F
Si

H

H

Si

Si

Scheme 2.3. Mechanism of HF etching of an oxidized silicon surface.
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To isolate the Si NPs from the oxide matrix, the annealed polymer is etched in a
mixture of 5.0 mL each of HF, abs-EtOH and H2O. The HF preferentially reacts with the
surface Si-O bonds, resulting in surface Si-F bonds and loss of H2O. The resulting Si-F
surface bonding causes greater polarization of the underlying Si-Si bonds, making it
possible for another two equivalents of HF to react. After reaction with additional
equivalents of HF, SiF4 is lost, taking away atoms from the first atomic layer and leaving
the second atomic Si layer H-passivated.17,109 This process is summarized below in

% Transmittance (a.u.)

Scheme 2.3.
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Figure 2.7. FT-IR spectrum of H-Si NPs immediately following
extraction from a 60 min aqueous HF etch.
After the oxide layer is etched away, the surface of the Si NPs are H-passivated
(H-Si NPs), which renders the particles soluble in non-polar solvents such as hexane or
toluene. A simple biphasic extraction can then be conducted in order to transfer the
H-Si NPs from the aqueous etchant into hexane, toluene, etc.. Figure 2.7 contains a
representative FT-IR spectrum of H-Si NPs extracted into hexane immediately following
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extraction from a 60 min etch. The peaks at 2070 and 890 cm-1 both correspond to
Si-H bonding, which confirms successful H-passivation of the surface by the HF.
Additionally, there is some absorbance intensity in the region that is typically assigned to
Si-O-Si bonding, which suggests that the H-Si NP surface is partially oxidized. Finally,
there is a peak at 2325 cm-1; this is occasionally present in the FT-IR spectra of H-Si NPs
and can be attributed to atmospheric CO2.

Intensity (a.u.)

*
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Figure 2.8. PL (red line, λexc = 360 nm) and PLE (black line, λem = 590 nm)
spectra of H-Si NPs in hexane. Scattering peak marked with *.
When polymer annealed for 10 h at 1100 ºC is etched for 60 min, H-Si NPs with
intense, visible red PL (590 - 700 nm) are consistently produced. Figure 2.8 contains the
PL and PLE spectra of a representative suspension of H-Si NPs in hexane. The break in
the PLE spectrum (black trace) is due to the elimination of a scattering peak. When
excited at 360 nm, the resulting PL spectrum contains a peak ranging from
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50 nm

Figure 2.9. Representative TEM images of H-Si NP aggregate structures. Scale bars
(left) 50 nm and (right) 10 nm.

~550 – 750 nm, with an emission maximum at ~590 nm. When monitoring for 590 nm
emission, the corresponding PLE spectrum contains a broad peak that ranges from
250 - 400 nm, with maximum excitation intensity at 260 nm.
It is important to note that the Si NPs are prone to aggregation and precipitation.
This is especially true for H-Si NPs in low boiling point solvents having low viscosity,
such as hexane. Figure 2.9 shows a TEM image of H-Si NPs prepared by: (left) dropcasting a hexane suspension onto a Cu grid and (B) dipping a Cu grid into a hexane
suspension. As can be seen, the crystalline domains are contained within larger aggregate
structures rather than isolated in space (Fig. 2.9 right figure). We determined that the use
of toluene as a storage solvent or co-solvent aids with short-term suspension stability,
increasing the stability of a diluted suspension of H-Si NPs in hexane from a few minutes
to a few hours. The surface composition of the Si NPs is likewise unstable and prone to
reactivity. For example, we have observed that the H-Si NPs have a tendency to cross41	
  

link with glassware. The greater implications for the instability of H-Si NPs is the subject
of this dissertation and will be discussed in the chapters that follow.
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Chapter 3
Hydrosilylation of silicon nanoparticles in n-alkane solvents:
implication of radicals in the chemical reactivity of hydride-passivated surfaces
3.1

Introduction
The stability of the hydride-passivated silicon nanoparticle (H-Si NP) surface at

mildly elevated temperatures was analyzed. Upon heating in refluxing n-hexane
(b.p. = 68ºC), evidence for successful hydrosilylation (HS) of the Si NP surface was
observed by infrared spectroscopy, in combination with varying degrees of surface
oxidation. The unexpected reactivity of the Si surface in n-hexane supports the unstable
nature of the H-Si NP surface, and furthermore implicates the presence of highly-reactive
Si radicals on the surfaces of the Si NPs. We propose that reaction of alkene impurities
with the Si surface radicals is largely responsible for the observed HS. However, we also
present a mechanism by which Si surface radicals could react with alkanes, ultimately
resulting in surface alkylation.

3.2

Motivation for the present study
It is generally accepted that hydrosilylation (HS) in the absence of radical

initiators can be initiated by the homolytic cleavage of the Si-H bond at temperatures
greater than 150ºC.81,83–86 Alternatively, UV light of appropriate energy (~3.5 eV) can
also be used to initiate homolytic cleavage of the Si-H bond.87 Such conditions are often
used to accomplish thermal HS reactions with a variety of alkenes and alkynes.81–88
Scheme 3.1 depicts the mechanism by which passivation of the Si-H surface with
terminal alkenes is thought to occur. In (1), either UV light or heat is used to cause
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homolytic cleavage of the Si-H bond, generating a Si-based surface radical. The silicon
radical can then react with the unsaturated bond of an alkene or alkyne, which are
typically in high excess in comparison to the Si-H bonds, as shown in (2); this generates
a reactive carbon radical. As shown in (3), the carbon radical can abstract a hydride from
a neighboring Si-H bond, thereby re-generating a Si-based surface radical. The silicon
radical can then go on to propagate the surface passivation by reacting with another
alkene molecule, as shown in (4), thereby re-generating a carbon based radical species, as
shown in (5). Propagation of the passivation of the surface then continues via repetition
of steps (3) and (4).
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H

Si

Si
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H
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Scheme 3.2. Commonly accepted mechanism for the hydrosilylation of the Si-H
surface with terminal alkenes.
	
  
Passivation of the H-Si NP surface with large alkenes or alkynes is limited by
steric hindrance of the ligand at the particle surface. This means that it is not possible to
passivate 100 % of the surface Si sites. In the case of 1-decene, one study suggested that
the surface coverage was as low as 30 – 50 % Si-C bonding.83 Such low surface coverage
would be expected to result in the persistence of reactive sites (e.g., Si surface radicals or
carbon radicals) after alkylation. For example, in high concentrations of alkene or alkyne,
it has been proposed that the formation of reactive carbon-based radicals on the alkylated
Si NPs may promote rapid oligomerization of un-bound the alkene or alkyne in
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solution.110 However, in the absence of excess alkene or alkyne, such as following
isolation and suspension of the alkyl-passivated Si NPs in storage solvents, it is possible
that radicals may also promote the desorption of the surface ligand, as we observed in a
prior study.67
The mechanism shown in Scheme 3.1 makes several important assumptions:
1) that either high temperature (T ≥ 150ºC) or UV-light (hν ≤ 350 nm) is necessary to
generate reactive Si surface sites to initiate HS, 2) that all of the Si surface sites are
initially hydride passivated, and 3) that an unsaturated ligand is required to passivate the
surface. However, due to the relatively low thermodynamic stability of the Si-H bond
(vs. Si-O)55 and the hydride-abstraction capability of trace O2,111 we hypothesized that
there could be a large number of reactive surface sites present on H-Si NPs at room
temperature and under ambient light. These highly-reactive surface sites would be
expected to react with alkenes and alkynes, resulting in some degree of HS of the Si NP
surface under mild surface conditions. However, we argue that some degree of HS may
also be possible for H-Si NPs suspended in pure alkane solvents, due to the hydrideabstraction capability of silicon surface radicals. Herein, we tested the reactivity of
minimally oxidized H-Si NPs towards 95+% n-hexane, a common storage solvent for
H-Si NPs, to probe the extent of the stability of the H-Si NP surface under mild heating.

3.3

Experimental

3.3.1

Materials
Trichlorosilane (HSiCl3, 98 %, Alfa Aesar, Ward Hill, MA), absolute ethanol

(abs-EtOH, anhydrous, 200-proof, Pharmco-AAPER, Brookfield, CT), ethanol (EtOH,
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ACS grade, stockroom), hydrofluoric acid (HF, ACS reagent, 48-51 % solution in water,
Acros Organics, NJ), sulfuric acid (H2SO4, 95 – 98 % ACS reagent, Sigma-Aldrich, St.
Louis, MO), and sodium bicarbonate (NaHCO3, stockroom) were purchased and used as
received. Millipore water (18 MΩ•cm resistivity) was used during the polycondensation
and etching procedures to prepare the Si NPs. Laboratory deionized water (DI H2O) was
used during the purification of n-hexane.
n-Hexane (C6H14, 95+%, Acros Organics, Fair Lawn, NJ) was purchased and was
used either as-received or following purification, as specified. In order to eliminate
alkene impurities from the as-received n-hexane, purification was accomplished as
follows: 300 mL of hexane was shaken in a separatory funnel with 5 mL aliquots of
concentrated sulfuric acid (2-7 aliquots), followed by 10 mL of deionized water. The
n-hexane was then shaken with 10 mL of 10 wt% NaHCO3 to neutralize residual sulfuric
acid, followed by two additional washes with 10 mL of DI H2O. Both the as-received and
purified hexane were stored over 4 Å molecular sieves prior to use.
3.3.2

Preparation of H-Si NPs
H-Si NPs were produced according to a previously published protocol,23 which

has been discussed in detail in Chapter 2. Briefly, (HSiO1.5)n was prepared through
polycondensation and polymerization of HSiCl3 with H2O, and dried at 100ºC under
flowing Ar. Approximately 0.5 g of the resulting white polymer was loaded into a 5 mL
alumina combustion boat (Coors brand) and then annealed at 1100ºC for 10 h under
flowing N2. The resulting product was a light brown powder that exhibited red PL under
irradiation by a 365 nm handheld lamp directly following annealing. Next, 0.45 – 0.55 g
of the product was added to a PTFE sample cup equipped with a magnetic stir bar, to
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which 5 mL of abs-EtOH and 5 mL of H2O was added, and the solid was dispersed by
sonication. Then, 5 mL of HF was added and the mixture was left to stir loosely covered
for 60 min. The nanoscale Si0 domains were liberated from the oxidized matrix as
H-passivated Si NPs, which were phase-transferred into 40 mL of hexane and stored
under Ar until further use. Samples were studied by FT-IR and PL spectroscopies prior to
subsequent surface-functionalization attempts.
3.3.3

Purification of partially-oxidized H-Si NPs
In some cases, we observed that the H-Si NPs exhibited surface oxidation by

FT-IR spectroscopy immediately following extraction from the etch. When this occurred,
a purification step was conducted in order to eliminate partially oxidized domains from
the H-Si NP suspension prior to subsequent surface modification attempts. Post-etch
purification of oxidized H-Si NPs was accomplished as follows: first, 10 mL of the
40 mL stock in purified hexane was split into two 5 mL aliquots, transferred to 15 mL
glass centrifuge tubes, and 5 mL of EtOH was added to each. The suspensions were then
centrifuged at 2,000 rpm for 10 min, and the supernatant discarded. Next, 5 mL of EtOH
was added to each tube, which were then sonicated and centrifuged at 2,000 rpm for
10 min and the supernatant discarded. Next, 5 mL of purified hexane was added to each
tube, and the samples were sonicated to re-suspend the H-Si NPs. The tubes were then
centrifuged at 2,500 rpm for 10 min and the supernatant discarded. Finally, the
H-Si NPs were again re-suspended into a total of 10 mL of hexane, and immediately
studied by FT-IR and PL spectroscopies.
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3.3.4

Reaction of H-Si NPs with n-hexane
In order to probe the H-Si NP surface reactivity under mild conditions, H-Si NPs

were heated in refluxing, as-received n-hexane (b.p. 68ºC). A control study was
conducted with n-hexane that had first been purified to remove unsaturated hydrocarbon
impurities (referred to hereafter as purified n-hexane). To accomplish these reactions,
10-15 mL of a stock suspension of H-Si NPs was transferred to a 3-neck round bottom
flask and the solvent was removed under reduced pressure. Next, the dry H-Si NPs were
re-suspended in 3 mL of n-hexane (as-received or purified). Prior to heating, three freeze,
pump, thaw cycles were performed to remove atmospheric oxygen. The suspensions were
then brought to reflux (68ºC) under flowing Ar for 18 - 24 h. Upon cooling to room
temperature, unreacted n-hexane was removed under reduced pressure, and the isolated
Si NPs were analyzed by FT-IR and PL spectroscopies.
3.3.5

Characterization
Fourier-Transform IR (FT-IR) spectroscopy was conducted using a Thermo

Nicolet iS10 spectrophotometer equipped with a diamond, single-bounce attenuated total
reflectance (ATR) attachment. Suspensions were measured by depositing drop-cast films
onto the ATR attachment and allowing the solvent to evaporate at room temperature. Dry
Si NP samples were directly deposited onto the diamond crystal with a disposable plastic
spatula and compressed onto the crystal for analysis. A background spectrum was
collected prior to each sample spectrum and was subtracted from the sample spectrum
using the instrument’s software algorithm. In some cases, a linear baseline subtraction
was required to correct for light scattering intensity, which increases linearly with energy
and results in an apparent decrease in transmittance at higher energies.
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UV-visible absorption spectra were collected using a Shimadzu UV-2450
spectrophotometer. Data were collected from 250 – 700 nm on diluted suspensions in
n-hexane. Photoluminescence emission (PL) and excitation (PLE) measurements were
made using a Shimadzu 5301-RFPM spectrophotometer. A diffraction grating
monochromator was used to selectively excite the samples with 350 nm light, which was
then passed through a 3 nm slit prior to entering the sample chamber. Light that was
emitted or scattered by the samples was passed through a 5 nm emission slit prior to
reaching the detector. PLE measurements were collected at the maximum emission
wavelength of each of the corresponding PL spectra using the same slit widths. Peak
intensities were not normalized, but sometimes were magnified to observe weak signals,
as indicated.

3.4

Results and discussion
During routine chemical analysis of H-Si NPs, strong Si-C bonding at 1260 cm-1

was repeatedly observed by FT-IR, both directly following extraction from the HF(aq) etch
into n-hexane, as well as after storage in alkane solvents. We hypothesized that there
could be a large number of surface Si radicals present on H-Si NPs, possibly as a result of
incomplete hydride passivation by HF, or due to the weak nature of the Si-H bond. These
highly-reactive surface radicals would be expected to react with alkenes and alkynes,
resulting in some degree of HS of the Si NP surface, even under mild conditions. We
further hypothesized that the radicals may also be able to react with saturated
hydrocarbons to some extent, resulting in partial HS of the Si NP surface.
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3.4.1

FT-IR characterization of Si NPs reacted with n-hexane
In order to test our hypotheses, H-Si NPs were heated in refluxing n-hexane

(b.p. 68ºC) under a positive pressure of Ar, and their surface composition was monitored
pre- and post-reaction. Figure 3.1 contains FT-IR spectra of the H-Si NP samples before
and after heating in refluxing n-hexane. Figure 3.1A is a representative FT-IR spectrum
of the H-Si NP starting material, either as-prepared or following purification to remove
partially oxidized particles prior to heating in refluxing n-hexane. Peaks at 2100 cm-1 and
890 cm-1, corresponding to Si-Hx stretching and deformation, suggest that the surface
composition of the Si NPs prior to reaction is composed of primarily Si-H bonding
features.78,80,112 Furthermore, peaks corresponding to Si-O-X (X = Si, C) vibrational
modes in the range of 1060 – 1000 cm-1 are not detectable.13,41,56,62,64,67,80,83,86,89–97,113–116
Note that there is a peak at 2340 cm-1 that may be attributed to atmospheric CO2. This
feature appears occasionally in FT-IR spectra and is not correlated to the samples.
Significant changes to the surface composition of the Si NPs were observed
following their reaction with both as-received n-hexane (Figure 3.1B) and n-hexane that
had first been purified to reduce the concentration of alkene impurities (Figure 3.1C).
First, a decrease in the intensity of the Si-Hx bonding peaks at 2100 and 890 cm-1 was
observed for both products. Second, regardless of the purity of the n-hexane, evidence for
successful alkyl-passivation of the Si NP surface was present for both samples.
Specifically, the sharp peak at 1260 cm-1

(41,67,92,117)

and the strong, broad peak at

790 cm-1 (67,80,117) found in both Figures 3.1B and 3.1C have been frequently attributed to
covalent Si-C bonding. In addition, the peaks observed in Figures 3.1B and 3.1C at
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~2900 cm-1 are indicative of C-Hx stretching, and their presence is typically attributed to
successful HS.64,78,79,118
Differences in the FT-IR spectra of the two products suggests that the purity of
the n-hexane may have had an effect on the extent to which the Si NPs underwent HS.
First, the degree of the loss of Si-Hx bonding features was varied between the two
products, as seen in Figs. 3.1B and 3.1C. After reaction with as-received n-hexane, Si-Hx
bonding features were not appreciable in the FT-IR spectrum (Fig. 3.1B), and the C-Hx
bonding features have three intense, discernible peaks at 2960, 2925, and 2850 cm-1. In
contrast, following reaction with purified n-hexane some intensity was retained in the
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Figure 3.3. FT-IR spectra of (A) freshly-etched H-Si NPs, (B) H-Si NPs
following heating in as-received n-hexane, and (C) H-Si NPs following
heating in purified n-hexane (b.p. n-hexane 68ºC).
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Si-Hx bonding region at ~2100 cm-1 (Fig. 3.1C). Furthermore, the C-Hx bonding features
in Figure 3.1C are dominated by a single, intense peak at 2960 cm-1.
Objectively, these data suggest that purification of the n-hexane lowers the extent
of Si-C passivation of the Si NP surface. Thus, it is likely that alkene impurities are
largely responsible for the observed HS, especially in the case of the H-Si NPs that were
heated in refluxing as-received n-hexane. If this is the case, we would predict that the HS
reaction would proceed according to the mechanism shown in Scheme 3.1. Specifically,
Si surface radicals would react with unsaturated bonds in the alkenes, which would
initiate the propagation of the reactive radical across the surface of the Si NP. This would
account for the observed decrease in Si-H bonding on the surface, as this reaction
consumes Si-H bonds.	
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Scheme 3.2. Proposed mechanism for (A) formation of secondary carbon radical by hydride
abstraction by an Si radical and (B) coupling of carbon and silicon radicals to form Si-C surface
bond.

However, some degree of HS was observed to occur even when n-hexane was
purified to minimize the presence of alkene impurities. While it is likely that alkene
impurities were still present in concentrations that were not detectable by 1H-NMR, we
propose an alternate, two-part HS reaction mechanism by which a saturated hydrocarbon
may passivate the Si NP surface, as shown in Scheme 3.2. First, a Si surface radical may
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abstract a proton from a saturated hydrocarbon bond to form a secondary carbon radical
and an Si-H bond (Scheme 3.2A). Next, the unstable carbon radical would be expected to
immediately react with either an Si-H bond, reforming a surface Si radical (reverse of
Scheme 3.2A). Alternatively, the carbon radical could couple with a surface Si radical,
forming an Si-C bond as shown in Scheme 3.2B. If this were the case, this reaction would
be expected to occur to a greater extent with toluene vs. n-hexane, due to the greater
electronic stabilization of a resonance stabilized carbon radical vs. a secondary carbon
radical.
We submit that the reactions shown in Schemes 3.1 and 3.2 could occur
simultaneously, however that reaction with alkenes would be preferred over reaction with
n-alkanes, due to the low likelihood for forming unstable carbon radicals. However, the
Si-C features observed on the surface of both products indicates that some degree of
alkylation occurred, even at low temperatures relative to those required to bring
commonly-used alkenes to reflux. These data support our hypothesis that radicals are
present on the surface of the Si NPs, even in mild conditions. It is reasonable that the
radicals may be present either as a result of incomplete surface passivation during the
etch or due to some degree of spontaneous homolytic cleavage of the thermodynamically
unstable Si-H bond at low temperatures. However, it has also been suggested that trace
O2 can case Si radical formation by abstracting a hydride from an H-Si surface.111
To this end, oxidation was always observed to occur upon heating, in addition to
partial HS of the Si NP surface. This occurred despite the use of air-free techniques and
sieve-dried n-hexane in both reactions, and even though no surface oxidation was
detected on the H-Si NPs by FT-IR spectroscopy prior to reaction. However, a number of
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sources of oxygen are possible such as: 1) incomplete drying of the n-hexane by the 4Å
molecular sieves (or from the aluminosilicate sieves themselves), 2) diffusion of oxygen
into the reaction flask, 3) the borosilicate glassware or 4) oxidized H-Si NPs not detected
by FT-IR prior to reaction. We also note that the peak at 790 cm-1 in the FT-IR spectrum
after reaction is located in the region where various Si-OH vibrational modes have been
noted in the past.119 However, the lack of a hydroxyl feature at 3600 cm-1 is inconsistent
with the assignment of the peak at 790 cm-1 as due to Si-OH.
In the FT-IR spectrum of the Si NPs after heating in refluxing as-received
n-hexane (Fig. 3.1B), there are two peaks of similar intensity at 1000 cm-1 and 1060 cm-1.
The appearance of Si-O bonding features is similar in appearance to oxide features that
we have previously observed to result from oxidation of the surface by alcohols,67 as well
as what others have cited as the TO-LO phonon modes of a-SiO2.96,120 In addition, these
oxidation-related bonding features are similar in intensity to the vibrational modes
corresponding to the alkylation-related bonding features (i.e., Si-C, CHx). Two peaks
were also observed in the Si-O bonding region in the FT-IR spectrum of the Si NPs after
heating in refluxing purified n-hexane (Fig. 3.1C). However, they are found at 995 cm-1
and 1055 cm-1, and the former of the two peaks is significantly greater in intensity than
the latter. Moreover, the 1260 cm-1 (Si-C), and CHx bonding features are considerably
less intense than the features in the Si-O region. Thus, it appears that by decreasing the
amount of alkenes in the reaction, HS becomes less favorable, and oxidation of the
surface occurs more readily. As the degree of surface oxidation changes, the bonding
features in the FT-IR spectra are expected to also change, which we observed to occur.

54	
  

3.4.2

UV-vis characterization of Si NPs reacted with purified n-hexane
Additionally, UV-visible absorption spectroscopy was used to compare the

H-Si NPs before and after heating to reflux in purified n-hexane (Figures 3.2A and 3.2B).
Both spectra show an absorption onset at roughly 400 nm with increasing intensity at
shorter wavelengths, which is typical of H-Si NPs.99,121 Two low intensity absorption
peaks at 275 nm and 320 nm were present in the spectrum of freshly-etched H-Si NPs,
shown in Figure 3.2A. The spectrum of Si NPs after reaction with purified n-hexane
(Figure 3.2B) contains the same feature at 275 nm; however the 320 nm feature is not
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Figure 3.2. UV-visible absorption spectra of (A) H-Si NPs and (B) H-Si NPs following
heating in purified n-hexane.

3.4.3 Photoluminescence characterization of Si NPs reacted with n-hexane
To determine the effects of surface reactivity on the optical properties of the
H-Si NPs, PL and PLE spectra were collected on the Si NP suspensions before and after
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Figure 3.3. PL (λexc = 350 nm, gray lines) spectra of (A) H-Si NPs, (B) H-Si NPs
heated in as-received n-hexane, and (C) H-Si NPs heated in purified n-hexane. PLE
spectra (black lines) of (A) λem = 580 nm (marked with ✚),
(B) λem = 400 nm (marked with °), and (C) λem = 580 nm (marked with ✚). Light
scattering peaks marked with *.
	
  
reaction with n-hexane. Figure 3.3 contains the PL (λexc = 350 nm, gray lines) and PLE
spectra (black lines) taken before and after reaction with n-hexane. The symbols in the
individual panels (A - C) indicate the wavelength in the PL spectrum that was monitored
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in obtaining the corresponding PLE spectrum. In addition, light scattering peaks are
indicated with an *, and do not correspond to light emission by the samples.
Typical of minimally oxidized H-Si NPs produced by the method described in
Chapter 2, when excited at 350 nm, the prevalent feature in the emission spectrum is a
broad, low energy peak (Fig. 3.3A, gray line).23,67 Here, the PL spectrum contains a peak
with a λmax of 580 nm with a full-width at half-max (FWHM) of 0.36 eV. When
monitoring for 580 nm light emission, the corresponding PLE spectrum (Figure 3.3A,
black line) contains a broad peak with a maximum wavelength of 265 nm, and a low
energy shoulder that decreases monotonically to approximately 400 nm.
Large differences were observed in the PL spectra of the H-Si NPs following
reaction with as-received versus purified n-hexane. First, following reaction with
as-received n-hexane, the PL spectrum is dominated by a higher energy emission
(vs. prior to reflux) with maximum intensity at 400 nm (Fig. 3.3B, gray line). Our group
and others have likewise observed the development of strong, high energy PL upon
oxidation of originally red-emitting Si NPs. In one study, we reported a red-to-blue PL
conversion following oxidation of Si NPs by alcohols.67 In another study, blue PL from
Si NPs was correlated to trapping of photogenerated charge carriers at defect states
corresponding to oxygen and nitrogen impurities.122 Alternatively, other groups have
attributed blue PL originating from porous silicon (p-Si) to emission from the quantum
confined core, while the red emission was attributed to surface oxide.66,115 However, the
changes in surface composition concurrent with the development of blue PL observed in
this study points to the former of the explanations: the blue PL results from oxidation of
the Si NP surface.
57	
  

Although their surfaces were observed to be heavily oxidized by FT-IR
spectroscopy, the complete PL conversion that was seen in Figure 3.3B was not observed
from the Si NPs that were heated in purified n-hexane. The high level of surface
oxidation that was present in the FT-IR spectrum of this sample would suggest that the
PL spectrum should be dominated by an intense, high energy peak. However, following
reaction (Figure 3.3C, gray line), the PL spectrum contains both a low energy emission
peak with maximum intensity at 580 nm, and a high energy feature that is overlapped by
a Raman scattering peak (*). This suggests that minor differences in the type and extent
of surface oxidation, as observed in the FT-IR spectra, may have a large impact on the
optical properties of Si NPs.
Changes were also observed in the PLE spectra of the H-Si NPs following
reaction with both as-received and purified n-hexane. For both products, when
monitoring for 400 nm light emission, the corresponding PLE spectra (Figs. 3.3B and
3.3C, black lines, denoted by symbol (º)) contain a peak that ranges from 300 – 400 nm,
with a maximum wavelength of 345 nm. If the PLE spectrum shown in Figure 3.3A
corresponds to interband excitation, then the range of excitation energies that lead to
400 nm light emission in Figs. 3.3B and 3.3C can be attributed to defect states located
between the conduction and valence band extrema. For H-Si NPs reacted with purified
n-hexane, when monitoring for 580 nm light emission, the corresponding PLE spectrum
(Figure 3.3C, black line, denoted by symbol (+)) contains a peak that ranges from
260 – 400 nm, with a maximum excitation wavelength of 265 nm and a shoulder at
~330 nm, similar to the PLE spectrum in Fig. 3.3A.
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3.5

Preliminary conclusions
To summarize, red-emitting H-Si NPs with minimal surface oxidation were

heated in refluxing n-hexane (b.p. 68ºC) to probe the reactivity of the H-Si NP surface
with saturated hydrocarbons. An control study was conducted in which n-hexane was
purified to minimize the concentration of alkene impurities in the reaction, which are
known to undergo HS with H-Si surfaces. In the studies, Si-C surface bonding was
observed by FT-IR spectroscopy following isolation of the Si NPs after reaction. This
observation suggests that it is possible to achieve some degree of HS of the H-Si NP
surface at low temperatures, implicating the presence of reactive Si-based surface radicals
on the H-Si NPs following extraction from the chemical etch. Although we acknowledge
that trace alkene impurities could react with the Si-based surface radicals to result in
partial HS, we provided an alternative explanation to account for our observations. We
propose that the Si radicals react with n-hexane, according to Scheme 3.2, resulting in the
observed Si-C bonding.
In addition, the development of Si-O bonding features along with a reduction in
the original Si-H bonding features was observed for both samples; however the latter
occurred to a greater extent when a higher concentration of alkene impurities were likely
present in the n-hexane. When Si-H surface bonding was observed by FT-IR
spectroscopy, red PL was observed in addition to a high energy PL feature. When no
Si-H bonding was detected, only blue PL was observed. The data presented herein
strongly suggest that H-Si NPs are highly unstable, and prone to oxidation. Thus, if the
surface is not idealized, defects can dominate the absorption and PL decay pathways, as
we further examine in Chapter 4.
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Chapter 4
Investigation into the effect of (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl radical
on silicon nanoparticle photoluminescence
4.1

Introduction
The stability of photoluminescence (PL) from visibly red-emitting, hydride-

passivated silicon nanoparticles (H-Si NPs) in the presence of a radical trap was probed.
Upon addition of (2,2,6,6,-tetramethyl-piperidin-1-yl)oxyl radical (TEMPO), the energy
and intensity of what has previously been assigned as an interband transition was
observed to change over time, dependent on the reaction conditions. First, when the
reaction occurred at 4ºC with minimal light exposure, the interband transition was
observed to shift somewhat gradually, in a manner similar to what has previously been
attributed to core shrinking and quantum confinement. Second, when the reaction
occurred at room temperature with exposure to 360 nm irradiation at regular intervals, the
interband transition was observed to be quenched as a new transition at 575 nm
developed. In the latter study, the low energy PL was determined to undergo oxidative
quenching by TEMPO. Finally, as a result of chemical analysis of the Si NP surfaces
before and after reaction with TEMPO, we propose that extensive, photo-induced surface
oxidation is the cause of the intense 575 nm emission.

4.2

Motivation for the present study
Based on past experimental and theoretical work, it can be concluded that the

stability of interband transitions in Si NPs is highly dependent on the stability of the
Si NP surface.51,54,55,57–65,123,124 These studies have frequently linked changes in surface
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composition to the development of electronically active (defect) states within the
bandgap. If the defect states that form are radiative recombination centers, the Si NP
suspension would be expected to exhibit new photoluminescence (PL) bands. For
instance, we have previously observed the development of PL bands owing to surface
oxidation by alcohols.67 However, if the defect states that form are non-radiative
recombination centers, the Si NP suspension would be expected to exhibit interband PL
with reduced intensity. Si-based radicals, for example, are one class of defects that have
been commonly reported to result in decreased intensity of interband nanocrystalline
Si PL.
Indeed, for free-standing, colloidal Si NPs, one of the most commonly cited
sources of non-radiative decay is the silicon dangling bond trap state.13,49,57,65,67,72,125–128
The presence of Si surface radicals on Si NPs has been supported by electron
paramagnetic resonance (EPR) spectroscopy, and various causes for their existence have
been suggested. Two common causes that have been suggested are the formation of lowquality or disordered surface oxides, yielding EPR-active SiO2-Si,56,72 and desorption of
hydrogen from the H-Si NP surface, which yields EPR-active Si3-Si.49,56,74 Moreover,
several groups have suggested that hydrosilylation (HS) of the Si-H surface is initiated by
the homolytic cleavage of Si-H surface bonds, thereby forming Si surface radicals.83–
86,81,87

Experimentally, a reduction in the concentration of dangling bonds in Si NP
samples has been correlated to increased PL intensity. For example, in one study,
red-emitting (λem = 730 nm, λexc = 325 nm) Si NPs embedded in SiO2 were annealed at
1100ºC in forming gas (95% N2 + 5% H2) in order to promote hydride-passivation of Si
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dangling bond sites.72 The annealing procedure was found to result in a reduction in the
EPR signal intensity, which was correlated with increased PL intensity. In another study,
thin films of Si NPs were subjected to HF-etching followed by annealing at 200ºC under
vacuum.14 A tenfold decrease in the EPR signal was observed, which was correlated with
a decrease in sub-bandgap light absorptivity, as well as an increase in the conductivity of
the films. In short, both of these studies provided evidence that showed that hydridepassivation of Si radical sites can result in increased PL intensity.
Although hydride-passivation of Si radicals may be one way of increasing the
yield of interband transitions, as we showed in Chapter 3, H-Si NP surfaces are unstable.
Even under mild conditions relative to standard HS reactions, the Si NP surfaces were
shown to undergo partial alkylation, even in n-hexane solvent. Furthermore, changes in
the surface composition were accompanied by substantial changes in the optical
properties

of

the

suspensions.

Specifically,

new

PL

bands

were

observed

spectroscopically, which occurred alongside changes to the surface composition.
Ultimately, these observations led us to propose that mechanisms involving highlyreactive Si radicals could account for the changing PL and surface composition over time.
Consequently, if radicals remain, or are formed in situ, on the surfaces of the
Si NPs, then it is reasonable to expect the surface composition of the Si NPs to change as
a function of time and chemical environment. In addition, the Si NP suspensions would
likewise be expected to exhibit unstable PL, both in the energy and intensity of the
transition. Thus, one way to suppress dynamic surface reactions, and therefore stabilize
the PL, would be to passivate radicals that are presumably present on the Si NP surface.
TEMPO, or (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl), has a stable nitroxy radical and has
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previously been shown to sequester Si radicals both on the surface of hydride-passivated
planar Si and p-Si surfaces,129–136 as well as to sequester Si radicals in polysilanes.137–140
With this in mind, we hypothesized that TEMPO should also be able to sequester Si
radicals on the surfaces of H-Si NPs, which would be expected to both increase PL
intensity and slow or prevent further reactivity and changes in PL energy.
Here we consider two probable causes for the presence of Si surface radicals on
the H-Si NPs studied in Chapter 3. First, it is possible that some concentration of radicals
are present as a result of incomplete passivation of the surface during the chemical etch.
In this case, we would expect TEMPO to passivate the existing radicals, which would
result in an increase in the Si NP PL as well as a stabilization of the PL energy. Second, it
is possible that homolytic cleavage of the Si-H bond may occur at mildly elevated
temperatures due to the low thermodynamic stability of the Si-H bond relative to other
surface bonding (e.g., Si-C, Si-O). In this case, where the radicals form in situ, we would
expect TEMPO to fully react with the Si NP surface until all of the Si-H bonds have been
replaced. As a result, the PL would be expected to exhibit gradual changes until the
surface replacement has been completed.
The study presented herein examines the interaction between H-Si NPs and
TEMPO by PL spectroscopy, in order to monitor changes to the Si NP PL as a result of
the addition of the radical trap to the suspension. Analysis of the surface composition was
additionally performed to monitor for chemical changes that may have been associated
with the observed changes to the Si NP PL.
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4.3

Experimental

4.3.1

Materials
Trichlorosilane (HSiCl3, 98%, Ar-protected, Alfa Aesar, Ward Hill, MA),

absolute ethanol (abs-EtOH, C2H5OH, anhydrous, Pharmco-AAPER, Brookfield, CT),
ethanol (EtOH, ACS grade, stockroom), hydrofluoric acid (HF, ACS reagent, 48-51%
solution in water, Acros Organics, NJ), hexane (C6H14, +95 %, Sigma-Aldrich, St. Louis,
MO), toluene (reagent grade, stockroom), and (2,2,6,6-tetramethyl-piperidin-1-yl)oxyl
(TEMPO, C9H18NO, 98%, Acros Organics, NJ) were purchased and used as received
unless otherwise specified. Millipore water (18 MΩ•cm resistivity) was used during the
polycondensation and etching procedures. Laboratory deionized water (DI H2O) was
used during the purification of hexane.
4.3.2

Preparation of H-Si NPs
H-Si NPs were produced according to a previously published protocol,23 which

has been discussed in detail in Chapter 2. Briefly, (HSiO1.5)n was prepared through
polycondensation and polymerization of HSiCl3 with H2O, and dried at 100ºC under
flowing Ar. Approximately 1.0 g of the resulting white polymer was loaded into a 5 mL
alumina combustion boat and then annealed at 1100ºC for 10 h under flowing N2. The
resulting product was a light brown powder that exhibited red PL under irradiation with
365 nm light directly following annealing. Next, 0.45 – 0.55 g of the annealed product
was added to a PTFE sample cup equipped with a magnetic stir bar, to which 5 mL of
abs-EtOH and 5 mL of H2O was added, and the solid was dispersed by sonication. Then,
5 mL of HF was added and the mixture was left to stir loosely covered for 60 min. The
H-Si NPs liberated from the oxidized matrix were then phase-transferred into 40 mL of
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either hexane or toluene, and stored under Ar until further use. Samples were studied by
FT-IR and PL spectroscopies prior to subsequent surface-reactivity studies.
4.3.3

Preparation of H-Si NP/TEMPO suspensions
Stock suspensions of H-Si NPs in either hexane or toluene were prepared

according to the method described in Chapter 2. For each study, sample aliquots were
removed from a stock suspension. The initial (and final) Si NP sample concentrations in
the aliquots derived from the stocks in the following studies were not determined, but
were assumed to be the same for each sample within a set, since one stock suspension
was used per study. The maximum TEMPO concentration used in the studies was
determined based on a calculation to estimate the number of surface Si-atoms present in
5 mL of a stock suspension, based on the assumptions that 145 mg of 5 nm Si NPs were
present. Equation 4.1 summarizes the method used to approximate the number of surface
Si atoms present in 5 mL of a stock suspension.
!"  !"#$%
𝑁!"!#$
≈

!!!!""
!!"

!"  !"#$%
!"  !"#
×𝑁!"    !"#$
×𝑁!"!#$

Equation 4.1

In the above equation, Vshell 0.54 nm thick shell for a sphere with a diameter of
5 nm and Vuc is the volume of a single Si unit cell (a = 0.54 nm). Thus, the ratio of the
two terms approximates the number of unit cells present on the surface of a 5 nm Si NP.
That number is then multiplied by the total number of Si atoms on a single face of a unit
cell (4 corner atoms, 1 face atom = 1 total) to determine the number of surface Si atoms
on a single 5 nm Si NP. Finally, that number is then multiplied by the number of
!"  !"#
Si NPs estimated to be present in 5 mL of a stock solution. 𝑁!"!#$
was estimated by

multiplying the density of Si by volume of a 5 nm Si NP, and then dividing that mass by
the average mass of Si NPs isolated from the stock suspension. The total number of Si
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atoms was estimated to be ~1020, which corresponds to ~0.003 moles of surface Si atoms
(n(surface Si)) in solution.
In the first study, the reaction between H-Si NPs and TEMPO was analyzed over
a range of TEMPO concentrations with respect to time (up to one week). Sample
preparation was conducted as follows. First, between 0.00 and 11.40 mg of solid TEMPO
was added to six 15 mL scintillation vials. The vials were then sealed with rubber septa
and purged with Ar. A stock solution of H-Si NPs in toluene was divided equally into the
vials, resulting in final TEMPO concentrations of 0.00, 0.192, 0.969, 2.13, 3.83, and
10.4 mM. Each vial was subsequently sonicated for a maximum of 10 seconds to ensure
mixing, and then kept at 4ºC in the dark, except for when aliquots were removed for
analysis. Aliquots of each sample were removed from the vials for characterization by PL
spectroscopy after one, two and seven days. Qualitative observations of sample PL were
made by irradiation of the samples with a handheld 365 nm UV-lamp; digital images
were taken for comparison.
To further examine the initial interaction between the H-Si NPs and TEMPO
(i.e., at earlier time points), another study was conducted in which the samples were
monitored every 10 min by PL spectroscopy immediately following sample preparation.
Sample preparation was conducted as follows. First, between 0.00 and 37.43 mg of solid
TEMPO was added to five 15 mL scintillation vials, followed by the addition of a 5 mL
aliquot of a stock solution of H-Si NPs in hexane to each vial. The total suspension
volume was brought to 15 mL by addition of toluene (dried over 4 Å molecular sieves),
resulting in approximate final TEMPO concentrations of 0.0, 0.5, 2.0, 8.0 and 16.0 mM.
The five samples were prepared over a span of five days (one per day), and the stock
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suspension was stored under Ar at 4ºC in between sample preparations. After each
suspension was prepared, it was left to stir under flowing Ar for 10 min to ensure proper
mixing. An aliquot of each suspension was subsequently removed from the vial 10 min
after mixing and characterized by PL spectroscopy over the course of the next 24 h.
4.3.4

Scale-up of 8.0 mM TEMPO sample for chemical analysis
To afford sufficient amounts of sample for chemical analysis by infrared (IR) and

X-ray photoelectron spectroscopies (XPS), another room temperature stored, mid-range
TEMPO concentration sample with a total volume of 30 mL was prepared. First,
34.52 mg of TEMPO was added to a round bottom flask, to which 20 mL of dry toluene
was added. Next, 10 mL of a stock suspension of H-Si NPs in hexane was added, which
resulted in a final TEMPO concentration of 8 mM. Following mixing, the sample was left
to stir at room temperature under flowing Ar and continuous illumination by ambient
light. After 24 and 48 h, an aliquot of the sample was analyzed by PL spectroscopy, and
the remainder of the suspension was purified to remove excess TEMPO from the sample.
Post-reaction purification was conducted as follows: the suspension was split equally
amongst two glass centrifuge tubes, and centrifuged at 2,000 rpm for 10 min. The
supernatant was decanted, and 10 mL of hexane was added to each tube, which were then
sonicated to re-disperse the Si NPs and any remaining TEMPO. The samples were then
centrifuged again at 2,000 rpm for 20 min and the supernatant again decanted. Finally,
the isolated solid was analyzed by FT-IR spectroscopy.
4.3.5

Photoluminescence characterization of Si NP/TEMPO suspensions
Steady-state photoluminescence (PL) spectroscopy was conducted on the samples

from the first study using a PTI QuantaMaster 300 spectrophotometer equipped with a
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pulsed Xe laser source. PL samples for these measurements were prepared by drawing
aliquots from the sample vials after 1, 2, and 7 days, and spectra were acquired in
ambient air immediately after the aliquots were brought to RT. During each aliquot
extraction, care was taken to avoid the introduction of O2 to the remaining sample. PL
measurements of the aliquots were done in ambient air immediately following extraction
from the vials in order to minimize oxidation of the Si NPs. Spectra were recorded from
350 to 730 nm, and the excitation wavelength of 370 nm was chosen to eliminate
interference of the second order scattering peak of the excitation beam (λmax = 740 nm)
from the sample PL.
Due to instrument accessibility and availability, long-duration PL spectroscopy
experiments were conducted on the samples from the second study using a Shimadzu
5301-RFPM spectrophotometer equipped with a Xe laser source. Spectra were recorded
from 450 to 800 nm with an excitation wavelength of 360 nm due to the higher
absorption cross section of the suspension at 360 in comparison to 370 nm. A band pass
filter (340 – 385 nm, λmax = 363 nm) was inserted following the excitation slit to
eliminate interference of the second order diffraction of the excitation beam
(λmax = 726 nm). In addition, a 450 nm long pass filter was inserted prior to the emission
slit to allow for the use of a wider excitation slit to increase the intensities of all PL
events. This filter was used to absorb sub-450 nm light due to high intensity emission or
particle light scattering, which would overwhelm the interband PL under investigation.
PL samples for these measurements were prepared by removing 2.5 mL aliquots from the
suspensions and injecting them into an air-free quartz cuvette. The cuvette was then
sealed with a rubber septum and purged with Ar for 10 min prior to analysis. PL spectra
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were collected every 10 min for a total of 24 h, with the cuvette remaining in the sample
chamber for the duration of the study. The cuvettes were agitated once after ~16 h to
re-suspend Si NPs that had precipitated out of solution. Additional PL spectra of the
samples from the second study were collected over the spectral range 390 – 700 nm
(λexc = 360 nm) at t = 0 h and 24 h without the addition of the filter set in order to observe
the full Si NP PL spectrum.
4.3.6

Chemical analysis of large-scale 8.0 mM TEMPO sample
Fourier-Transform infrared (FT-IR) spectroscopy was conducted using a Thermo

Nicolet iS10 spectrometer equipped with a diamond, single-bounce attenuated total
reflectance (ATR) attachment. Suspensions were measured by depositing drop-cast films
onto the ATR attachment and allowing the solvent to evaporate at room temperature. A
reference spectrum of TEMPO was also collected by directly depositing the solid onto
the diamond crystal with a disposable plastic spatula; the solid was compressed onto the
crystal for measurement. A background spectrum was collected prior to each sample
spectrum and was subtracted from the sample spectrum using the instrument’s software
algorithm.

4.4 Results and discussion
As part of our previously published study,67 an experiment was conducted in
which varying amounts of TEMPO were added to three vials containing red-emitting
H-Si NP suspensions, which were taken from a single stock solution. The intensity of the
red emission was observed by PL spectroscopy to increase upon addition of TEMPO to
the suspensions, relative to the intensity of the control sample to which no TEMPO was
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added (see Appendix, Figure A.1). We hypothesized that the initial increase in PL
intensity, the extent of which was observed to be dependent on the [TEMPO], was due to
the elimination of silicon radicals on the surfaces of the Si NPs upon coupling with the
TEMPO oxygen radicals. We further hypothesized that TEMPO would continue to
passivate Si surface radicals if they were formed in situ (i.e., by homolytic Si-H bond
cleavage), resulting in the eventual stabilization of the PL energy and intensity.
4.4.1

Reaction of H-Si NPs with TEMPO: effect of time on PL (study one)
In order to test our hypothesis regarding the long-term stabilization of the Si NP

surface and PL, suspensions of H-Si NPs and TEMPO were prepared and their PL was
analyzed over the course of a week. First, red-emitting (λexc = 370 nm, λem = 700 nm)
suspensions of H-Si NPs in toluene were added to five vials containing between 0.00 and
11.40 mg of TEMPO to result in TEMPO concentrations between 0.00 mM and
10.4 mM, as summarized in Table 4.1. The concentrations of Si NPs were not measured,
but were assumed to be roughly equivalent in the aliquots, since the aliquots were taken
from a single stock suspension of H-Si NPs. Following preparation, the samples were
stored under a blanket of Ar, in the dark, at 4ºC. Aliquots were removed at t = 1, 2, and
7 d for analysis by PL spectroscopy.
Table 4.1. Sample preparation parameters for first variable TEMPO
concentration study.
Sample

Mass of TEMPO
(mg)

[TEMPO]
(mM)

n(TEMPO) /
n(surface Si)

I

0.000

0.000

-

II

0.302

0.129

6.5E-4

III

2.271

0.969

4.8E-3

IV

4.992

2.13

1.1E-2

V

8.977

3.83

1.9E-2

VI

24.375

10.4

5.2E-2
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Figure 4.1 contains digital images of the Si NP suspensions 5 min (Fig. 4.1A) and
90 min (Fig. 4.1B) following sample preparation. After 5 min, the red PL appeared
visibly quenched for samples II – VI vs. the control (I). The extent of quenching was
observed to be greater the greater the amount of TEMPO added to the suspension
(Fig. 4.1A). Due to the relatively long excited state lifetime of interband transitions in
indirect bandgap semiconductors (µs to ms), Si NPs are highly susceptible to carrier
trapping and PL quenching by other faster processes.49,50,5 It is therefore possible that the
observed initial decrease in interband PL intensity is due to either electron or energy
transfer involving photo-excited Si NPs and TEMPO.

A

I

5 min

II III IV V VI

B

90 min

I

II III IV V VI

Figure 4.1. Digital images showing visible PL from H-Si NPs in toluene (A) 5 min
and (B) 90 min after addition of TEMPO to the suspensions (λexc = 365 nm). The
samples from left to right contain 0.00 mM (I), 0.129 mM (II), 0.969 (III),
2.13 mM (IV), 3.83 mM (V), and 10.4 mM TEMPO (VI).
However, 90 min after sample preparation there was a visible increase in the red
PL intensity for samples II - VI (Figure 4.1B) relative to what was observed 5 min after
adding TEMPO to the suspensions. This visual observation is similar to what we have
previously observed spectroscopically (see Figure A.1).67 In light of the implication of
radicals on the surfaces of H-Si NPs from the studies in Chapter 3, we propose that
TEMPO may trap Si surface radicals by coupling with the TEMPO radical. Since Si
radicals are often proposed to be the source of non-radiative trap states,13,49,57,65,67,72,125–128
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these observations support our hypothesis that trapping of the Si surface radicals results
in an increase in the intensity of interband PL from H-Si NPs.
However, at longer time points, large changes in the energy and intensity of the
Si NP PL were observed spectroscopically. Figure 4.2 contains the PL spectra of samples
I – VI taken 1 d (black lines), 2 d (red lines), and 7 d (blue lines) after sample
preparation. For all of the samples, with the exception of VI containing the highest
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Figure 4.2. PL spectra of Si NPs in sample vials I – VI of study 1, containing
variable [TEMPO]: 1 day (black lines), 2 days (red lines) and 7 days (blue lines)
following addition of TEMPO to the suspensions (λexc = 370 nm). The
concentrations of TEMPO in the samples are 0.00 mM (I), 0.129 mM (II),
0.969 (III), 2.13 mM (IV), 3.83 mM (V), and 10.4 mM (VI).
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[TEMPO], both a low energy emission peak with a λmax between 650 and 700 nm and a
high energy emission peak with a λmax of 415 nm were observed one day after sample
preparation (black lines); only the high energy emission peak is observed for sample VI.
For all of the samples (II - VI), the high energy emission peak was observed to increase
in intensity over time. The same observation was made for the control sample (I), and the
presence of the high energy emission peak was therefore determined to be independent of
the presence of TEMPO. We have previously observed dual 450 nm and 580 nm
emissions from alkyl-passivated Si NPs (λexc = 370 nm), wherein we attributed the
450 nm emission to a defect state resulting from oxidation of the Si NP surface.67
Similarly, Veinot and coworkers have attributed the development of a ~450 nm emission
(λexc = 370 nm) to trace nitrogen and oxygen impurities in Si NPs produced via a similar
method.63 In these cases, an increase in the intensity of the high energy emission over
time would be consistent with an increase in oxidation of the H-Si NP surface.
Changes to the low energy emission were also observed to occur over time, but
unlike the high energy emission, were observed to be dependent on the addition of
TEMPO to the samples. First, below a threshold concentration of TEMPO (samples I and
II), no change in the energy and intensity of the low energy (λmax = 700 nm) emission
was observed to occur over the course of the seven days that the samples were
characterized. Therefore, at all time points, the PL spectra of samples I and II were
dominated by the high energy (λmax = 415 nm) emission. It is possible that at low
concentrations of TEMPO, such as was the case for sample II, not enough TEMPO was
present to elicit a drastic change in the average PL intensity of the Si NPs in the
suspension. Second, above a threshold concentration of TEMPO (sample VI), no
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intensity was observed in the low energy spectral region at any of the time points
analyzed in the study. Finally, for the samples containing the mid-range of TEMPO
concentrations (samples III – V), the low energy emission was observed to gradually
change in energy over time.
Figure 4.3 is a plot of the maximum emission wavelength of the low energy
emission versus time for samples III (red line), IV (green line), and V (violet line).
For all three mid-range [TEMPO] samples, the low-energy PL band was observed to shift
towards higher energies with time. In addition, the magnitude of this shift, relative to the
control sample (λmax = 700 nm), at any given time point was greater for samples
containing higher concentrations of TEMPO. As can be seen in Figure 4.3, at t = 1 d the
λmax of the low energy emission from sample III was 700 nm, similar to samples I and II.
In contrast, the λmax of the low energy emission from samples IV and V had already

Figure 4.3. Plot of maximum emission wavelength versus time for samples
III (red), IV (green), and V (violet).
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shifted to 670 nm and 650 nm, respectively. Further hypsochromic shifting of the λmax of
the low energy emission was observed 2 d after sample preparation for all three of the
samples, and all three continued to shift to higher energy with increased time. Seven days
after sample preparation, the λmax of the low energy emission was measured for samples
III and IV at 655 nm and 595 nm, respectively. However, the low energy emission was
no longer observed from V at the same time point.
Other groups have reported similar shifts in interband PL, where a hypsochromic
shift in the observed PL corresponded to a reduction in the H-Si NP core diameter and is
consistent with quantum confinement.56,21 In these studies, a chemical etch is typically
used to produce size-selected H-Si NPs with tunable interband PL energies. If the 700 nm
emission that was observed prior to the addition of TEMPO is indeed due to
recombination of charge carriers across the bandgap, then it is likely that the
hysopchromic shift in emission energy we observe may be due to core shrinkage. Since
the same shift was not observed for the λmax of the low energy emission from the control
sample, we propose that TEMPO is likely responsible for the observation.
In addition to the changes in energy, the intensity of the low energy emission was
also observed to change over time for samples III, IV, and V (Figure 4.2). Both one day
and two days after sample preparation (black and red lines, respectively), the PL spectra
of samples III, IV, and V all exhibited increases in the intensity of the low energy
emission relative to the control sample (I). However, while an increase in intensity was
observed again for sample III seven days after sample preparation, both IV and V
exhibited a decrease in the intensity of the low energy emission relative to two days after.
The magnitude of the decrease in intensity from V seven days after sample preparation
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was large enough such that the low energy emission was completely quenched.
Furthermore, the visual observations described below suggest that given enough time, the
low energy emission will either exhibit a hypsochromic shift large enough to become
indistinguishable from the high energy emission peak, or be completely quenched by
other processes, for all samples independent of the presence TEMPO.
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1 day

I

II

III IV V VI

B

2 days

I

C

II III IV V VI
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I

II III IV V VI

Figure 4.4. Digital images showing visible PL from H-Si NPs in toluene/TEMPO
solutions (A) 1 day, (B) 2 days, and (C) 7 days following addition of TEMPO to the
suspensions (λexc = 365 nm). The samples from left to right contain 0.00 mM (I),
0.129 mM (II), 0.969 (III), 2.13 mM (IV), 3.83 mM (V), and 10.4 mM TEMPO (VI).
Spectroscopic data correlate well with visual observation of the samples over
time. Figure 4.4A-C show photographs of the same samples under 365 nm illumination
taken in addition to the spectroscopic measurements described above. Relative to the
samples at the time points shown in Figure 4.1, samples I – VI (except for IV) appear to
have taken on a a pink hue. This visual observation is supported spectroscopically, where
the intensity of the high energy emission was greater than the intensity of the low energy
emission. Note that samples III and IV, which were observed spectroscopically to have
the most intense low energy emission peaks at two and seven days after sample
preparation, appear visibly the brightest in Figs. 4.4B and 4.4C.
TEMPO has previously been shown to effectively passivate Si-based radicals on
planar Si and as well as within polysilanes.129,131,133–139,141 Therefore, we began this work
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with the proposal that TEMPO would also effectively passivate Si based radicals on the
surfaces of Si NPs. However, homolytic cleavage of the relatively weak Si-H surface
bond could produce more Si surface radicals over time. If TEMPO is present then it is
possible that it could continue to passivate the Si NP surface. It should be mentioned that
in one recent study, formation of Si surface radicals was proposed to occur by cleavage of
Si-SiH3 surface bonds rather than cleavage of Si-H surface bonds.82 The authors argued
that the Si-Si bond, which is slightly weaker than the Si-H bond (~75 kcal/mol vs.
~90 kcal/mol, respectively), was more likely to undergo dissociation to produce Si
surface radicals. Loss of •SiH3 from the surface would be expected to result in a decrease
in the Si NP diameter, alongside diminished PL intensity due to the formation of a
corresponding Si radical. However, Si surface radicals formed over time due to the loss
of •SiH3 could also be passivated by TEMPO, and the net effect of radical formation and
quenching by this mechanism would also be expected to be interband PL with increased
energy.
Passivation of Si surface radicals by TEMPO, however, could also affect the local
energy structure of the Si atom that it binds to. Specifically, the oxidation state of the
surface-bound Si atom would be expected to increase upon Si-O bond formation.
Previously, oxidation of the Si NP surface has been shown to be an effective method for
reducing the core diameter of Si NPs. For example, in one study,125 Si NP size reduction
resulted in a hypsochromic shift in the Si NP PL, corresponding to an increase in the
bandgap energy due to QC. Thus, in light of all the data shown in Figs. 4.1 - 4.4, we
propose that oxidation of the Si NP surface by TEMPO, possibly in combination with
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loss of •SiH3 from the surface, is consistent with the [TEMPO]-dependent hypsochromic
shift in the λmax of the low energy PL transition.
4.4.2

Reaction of H-Si NPs with TEMPO: closer look at initial brightening (study two)
A separate spectroscopic investigation of the first 24 h period following addition

of TEMPO to Si NP suspensions was conducted in order to examine in greater detail the
initial intensity fluctuations that occurred for the low energy emission at the shortest time
points (t < 1d, see Figures 4.1 and A.1). Unlike the high energy peak, the low energy
peak was observed to be sensitive to the concentration of TEMPO.
In the second study, a stock suspension of H-Si NPs in hexane was stored under
Ar at 4ºC in the dark in between sample preparations to minimize sample reactivity. Each
sample was prepared immediately prior to analysis, such that the second study spanned
six days in total. Samples were prepared according to the follow methods. First, 5.0 mL
aliquots of red-emitting (λexc = 360 nm, λem = 660 nm) suspensions of H-Si NPs in
hexane were added to five vials containing between 0.000 and 37.500 mg of TEMPO,
and diluted to 15.0 mL with toluene to result in TEMPO concentrations between

Table 4.2. Sample preparation parameters for second variable TEMPO
concentration study.
Sample

Mass of TEMPO
(mg)

[TEMPO]
(mM)

n(TEMPO) /
n(surface Si)

1

0.000

0.000

-

2

1.172

0.500

2.5E-3

3

4.688

2.00

1.0E-2

4

18.750

8.00

4.0E-2

5

37.500

16.0

8.0E-2
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0.000 mM and 16.0 mM, as summarized in Table 4.2. Next, an aliquot of each sample
was removed 10 minutes after mixing and added to an Ar-filled cuvette sealed with a
rubber septum. PL measurements were made every 10 minutes for a total of 24 hours,
and the samples were left in the instrument in between measurements.
Similar to what was observed visually in Figure 4.1, the 660 nm PL that was
initially present for the control sample was partially quenched upon addition of TEMPO
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Figure 4.5. PL spectra (λexc = 360 nm) of H-Si NPs in (top) 0.5 mM
TEMPO and (bottom) 2.0 mM TEMPO from t = 0 h – 4.7 h in 20 min
intervals. The PL spectrum of the control with no TEMPO added from
t = 0 h is shown in red, and the PL of the samples at t = 2.3 h is shown in
orange. Arrows highlight changes in intensity of the two peaks shown in
each panel.
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to the suspensions. As can be seen in Figure 4.5, upon addition of TEMPO, the low
energy emission is initially lower in intensity relative to the control sample at t = 0 h
(red lines). In addition, the magnitude of quenching was greater for the 2.0 mM TEMPO
sample (bottom panel) than for the 0.5 mM TEMPO sample (top panel).
To further characterize the PL quenching mechanism, the ratio of the unquenched
PL intensity to the quenched PL intensity, or quenching efficiency, was plotted versus
concentration of TEMPO (Figure 4.6). The resulting linear relationship can be fit by the
Stern-Volmer equation:
!!
!

= 𝐾!" 𝑇𝐸𝑀𝑃𝑂 + 1

Equation 4.2

where I0/I is the quenching efficiency and Ksv (2.3373 M-1) is the quenching constant,
extracted from the slope of the trendline in Figure 4.6. The results of the Stern-Volmer
analysis suggest that the PL quenching occurs via transfer of an electron to (from)
TEMPO from (to) a photo-excited Si NP. Similar dynamic quenching mechanisms have
previously been observed for a variety of nanocrystalline Si systems.37,38,142–144 For
example, oxidative quenching of alkyl-passivated photo-excited Si NPs by nitroaromatic
compounds has been shown to be an efficient process, and has furthermore been
exploited in the development of molecular sensors.142
Similar to the first study presented herein, the λmax of the low energy emission
was also observed spectroscopically to change over time in this study. However, unlike
the first study, a gradual hypsochromic shift was not observed for the low energy
emission from the partially quenched samples. Rather, the 660 nm PL band that was
initially observed from the H-Si NP suspensions was replaced by an intense 575 nm
emission over time. This trend was observed for all samples, including the control, which
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Figure 4.6. Stern-Volmer analysis of quenching of 660 nm PL by TEMPO.
suggests that the new PL band at 575 nm does not result from interaction of the Si NPs
with TEMPO. Finally, it should be noted that for the sample containing the highest
concentration of TEMPO (16.0 mM), no appreciable intensity was ever observed in the
low energy region of the PL spectrum following addition of TEMPO. This is consistent
with the observation made in the previous study for sample VI (10.4 mM); both
observations could be due to extensive quenching of interband PL by at relatively high
[TEMPO] in solution.
The rate of the PL conversion from 660 nm to 575 nm was observed to be
dependent on the concentration of TEMPO, wherein samples with higher concentrations
of TEMPO exhibited faster PL conversions. For example, comparison of the PL spectra
of the 0.5 mM and 2.0 mM TEMPO samples 2.3 hours after sample preparation (Fig. 4.5,
orange lines) illustrates the difference in the rate of PL conversion as a function of
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TEMPO concentration. Specifically, the PL spectrum of the 0.5 mM TEMPO sample
remains highly asymmetric, with intensity at the original 660 nm PL peak still
contributing significantly to the overall PL spectrum. However, the PL spectrum of the
2.0 mM TEMPO sample at the same time point is dominated fully by the 575 nm
emission. For samples containing even higher concentrations of TEMPO, the low energy
PL conversion was even more rapid.
The second study was intended to carefully monitor the changes in sample PL that
were visually observed in the first study immediately following addition of TEMPO to
the H-Si NPs. However, as a result of frequent spectrum acquisition, the samples were
irradiated with 360 nm light once every ten minutes over the course of one day.
Therefore, it is not surprising that the observed changes to sample PL were different in
this study vs. the former. The results of Stern-Volmer analysis of the quenched 660 nm
emission suggest that TEMPO quenches photo-excited Si NPs via an electron transfer
mechanism, likely by oxidation of the photo-excited Si NP cores.

Concerning the

575 nm transition, previously, size-independent low energy PL has been observed from
nanocrystalline Si systems, particularly porous Si (p-Si).52,115,69 In each of these studies,
the observed low energy emission was attributed to radiative recombination of charge
carriers at an interfacial layer between the crystalline silicon cores and a surface oxide.
To monitor for the sub-450 nm PL that was observed in the first study, the entire
spectral range (390 nm to 700 nm) was measured for all of the samples both immediately
following preparation (t = 0 h) and 24 hours following sample preparation. Figure 4.7
contains the PL spectra (colored lines) of all samples taken at t = 0 h (top) and
t = 24 h (bottom). Note that light scattering peaks, which do not correspond to sample PL,
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are indicated with (*). For all samples, a high energy emission feature with a λmax of
420 nm (390 – 500 nm) was observed immediately following sample preparation
(Figure 4.6, top panel). This emission peak has the same λmax as the high energy emission
peak observed in the study described in Section 4.4.1, and we therefore tentatively assign
it as the same surface-oxide related defect. In addition, for the samples containing less
than or equal to 2.0 mM TEMPO, the 660 nm emission was also present in the PL
spectrum. We have previously provided support for this transition as due to interband
radiative recombination,67 which is also consistent with the hypsochromic shift of the low
energy PL band in the first study. Finally, as was observed in Figure 4.5, 24 hours
following sample preparation, the 660 nm emission was replaced by a 575 nm emission
for all samples that were subjected to frequent UV irradiation. However, 24 hours
following sample preparation, all samples have retained the high energy feature, which
would be consistent with a persisting oxide species.
The PLE spectra of the observed emissions were also measured immediately after
and one day following sample preparation (black and gray lines). When monitoring for
420 nm intensity, at both time points the PLE spectrum (gray trace) contains two
distinguishable peaks ranging from 275 nm – 390 nm (local maxima of 305 nm and
345 nm). No significant changes were observed in the PLE spectra of the high energy PL
feature between 0 h and 24 h (gray lines, top and bottom panels). At both time points, the
345 nm peak in each spectrum is more intense than the 305 nm peak. In contrast, there
were significant differences in the energies observed to excite the low energy emissions
at t = 0 h and t = 24 h (black lines, top and bottom panels). When monitoring for the
660 nm emission observed at t = 0 h, the PLE spectrum contains an intense peak ranging
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from 275 nm – 320 nm (λmax = 290 nm), with a low intensity shoulder that decreases in
intensity to 400 nm (λmax = 340 nm). However, when monitoring for the 575 nm emission
observed at t = 24 h, the PLE spectrum looks much more similar to the PLE spectrum
corresponding to the 420 nm emission. Specifically, the spectrum contains two
overlapping peaks ranging from 275 – 400 nm, with λmax of 305 nm and 345 nm.
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Figure 4.7. PL Spectra of the control (red), as well as H-Si NPs in 0.5 mM
(orange), 2.0 mM (green), 8.0 mM (blue), and 16.0 mM (violet) TEMPO,
taken at (top) 0 h and (bottom) 24 h. PLE spectra shown in black correspond
to the emission intensity monitored at 650 nm (top) and 575 nm (bottom).
The PLE spectra shown in gray correspond to the PL feature monitored at
420 nm (both panels). Light scattering peaks are indicated by * or have been
eliminated from the spectra for clarity.
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However, unlike the PLE spectrum corresponding to 420 nm intensity, the two peaks are
relatively similar in intensity.
4.4.3

Chemical analysis of 8.0 mM TEMPO sample
In order to be able to isolate sufficient quantities of Si NPs for further chemical

analysis, an additional study was done in which an 8.0 mM TEMPO sample containing
Si NPs was repeated at double the volume in the previous study. In the scale-up study, the
suspension was stirred continuously under flowing Ar and standard overhead lighting for
48 hours prior to isolation of the Si NPs for FT-IR analysis. Aliquots of the sample were
removed at t = 24 h and t = 48 h for characterization of the sample PL to ensure the same
spectroscopic changes had occurred (shown in Figure A.2).
Figure 4.9 contains the FT-IR spectra of (A) freshly-prepared H-Si NPs, (B) solid
TEMPO and (C) Si NPs isolated from 8.0 mM TEMPO solution. Prior to reaction with
TEMPO, the FT-IR spectrum of the Si NPs suggests that their surfaces are largely
H-passivated, as indicated by the strong Si-H bonding and deformation peaks at
2100 cm-1 and 890 cm-1, respectively. In addition, there is a weak, broad peak present at
1050 cm-1, which is the region where Si-O bonding is typically observed. Following
isolation from the reaction with 8.0 mM TEMPO, very little of the initial Si-H surface
bonding was retained in the FT-IR spectrum (Fig. 4.8C). Furthermore, the extent of
surface oxidation of the Si NP surface has drastically increased relative to what was
observed for the H-Si NPs. Specifically, there are four peaks at 1188, 1143, 1029 and
844 cm-1, none of which were detected in Figure 4.8A.
In this study, toluene was used as either a solvent or co-solvent to increase the
stability of the Si NP suspensions. If the conclusions in Chapter 3 are correct, then we
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would expect that toluene would more readily passivate the Si NP surface by the
mechanism shown in Scheme 3.2, due to the resonance stabilization of the carbon radical
formed in Scheme 3.2A. In this work, we note the absence of sharp peaks where we
would expect to see Si-C vibrational modes in the FT-IR spectrum of the Si NPs
following reaction with TEMPO (i.e., 1260 and 790 cm-1). TEMPO has been shown to
prevent hydrosilylation of planar H-Si surfaces with alkenes by coupling to the Si
radicals.129,131,132 Therefore, it is plausible that TEMPO would likewise prevent alkylation
of Si NP surfaces.
Finally, the FT-IR spectrum of the Si NPs following reaction with TEMPO bears
little resemblance to the reference spectrum of solid TEMPO (Fig. 4.8B). This suggests
that either TEMPO did not passivate the surface, or is present below the limit of detection
of the spectrometer. One possible explanation for the absence of TEMPO features in the
FT-IR spectrum of the isolated Si NPs can be found in similar studies in which Si radicals
in polysilanes were trapped with TEMPO. Specifically, authors have reported evidence
for the desorption of TEMPO from Si to occur by preferential cleavage of the N-O bond
over the Si-O passivation bonding.137–139 This was shown to occur only when additional
Si radicals were near the Si atom bound to TEMPO. In one study, the authors reported
that the Si-O radical formed by N-O bond dissociation could further react with a vicinal
Si-Si bond.139 In addition, the N radical formed by N-O bond dissociation could further
react with an Si-H bond in the polysilane to form an amine and regenerate a Si radical.
As a result of the changes in surface composition of the Si NPs, we propose that
the observed 575 nm PL is due to UV-induced development of defects at the interface
between crystalline Si and the surface oxide. Similar observations have been previously
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Figure 4.8. FT-IR spectra of (A) H-Si NPs, (B) TEMPO and (C) Si NPs
isolated from 8.0 mM TEMPO 48 h after sample preparation.
reported in the literature. For example, silicon-oxide species such as the non-bridging
oxygen hole (NBOH) center have previously has been identified as the source of 720 nm
PL from p-Si
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Formation of Si-O bonding on the surfaces of the photo-excited Si NPs

likely occurred as a result of reaction with trace oxygen impurities present in the
suspensions, independent of TEMPO; this explanation would account for the oxidation
observed by FT-IR in Chapter 3 where no TEMPO was present. However, in the presence
of TEMPO and UV light, we propose that quenching of the original 660 nm PL occurs
via an oxidative quenching mechanism, which effectively increases the rate of oxidation
of the Si NP surface and the formation of the 575 nm PL band.

87	
  

4.5

Preliminary conclusions
To summarize, TEMPO was added to suspensions of red-emitting H-Si NPs to

probe the stability of interband PL in the presence of a radical trap. TEMPO was
observed to initially quench low energy Si NP PL, likely via an oxidative quenching
mechanism. Subsequently, brightening is observed, which is likely due to Si• trapping by
TEMPO radicals, which suppresses non-radiative recombination. However, at longer
time points, further changes to the low energy, or interband, PL were dependent on the
conditions in which the samples were aged. When the samples were stored in the dark at
4ºC, a gradual hypsochromic shift in the low energy PL was observed. We propose that
this was due to interband PL from Si NPs with smaller diameters than the original
Si NPs. When the samples were photo-irradiated once every ten minutes and kept at room
temperature, the 660 nm emission was replaced by a 575 nm emission. We assign the
575 nm transition as due to an oxide-related defect state resulting from rapid oxidation of
photo-excited Si NPs.
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Chapter 5
Conclusions
The studies described herein analyzed the stability of the H-Si NP surface under
an array of chemical and physical conditions. First, evidence of Si-C bonding was
observed by FT-IR spectroscopy after heating in n-hexane under mild conditions, which
showed that it was possible to elicit partial alkylation of the Si NP surface under mild
conditions. This observation indicated the presence of reactive Si-based radicals on the
surfaces of H-Si NPs following extraction from the chemical etch. Next, we attempted to
stabilize the H-Si NP surfaces by eliminating the surface radicals implicated in the
surface alkylation mechanisms. The reactivity between the H-Si NPs and TEMPO, a
stable radical that has been shown to react with Si radicals, was shown to be heavily

Energy

dependent on the reaction conditions.

Radical Trap

k
Figure 5.1. Simplified energy diagram of un-oxidized H-Si NPs
showing the interband transition (red arrow) and carrier trapping by a
radical trap below the conduction band minimum (black arrow)
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As a result of all data collected and analyzed, we propose the following energy
diagrams to account for our observations. We propose Figure 5.1 as a simplified energy
diagram of un-oxidized H-Si NPs. When strong Si-H vibrational modes were observed by
FT-IR spectroscopy, the Si NP suspensions exhibited strong, red PL. We propose that the
red PL is due to radiative recombination of charge carriers across the bandgap (red
arrow). We furthermore propose that the radicals implicated in the surface alkylation
result in the presence of trap states below the conduction band minimum, since trapping
of photogenerated charge carriers at mid-gap trap states (black arrow) would result in a
reduction in the radiative yield of interband PL.
In general, changes in the surface composition of the initially hydride-terminated
Si NPs were accompanied by changes in the optical properties of the suspensions. Loss of
Si-H bonding following the heating of H-Si NPs in refluxing n-hexane was concurrent
with loss of the red, interband PL typical of colloidal H-Si NPs. A reduction in the Si-H
bonding features was also observed following light-mediated reaction of H-Si NPs with
TEMPO, which was also concurrent with loss of interband PL. In both studies, loss of SiH bonding features was also accompanied by an increase in the intensity of Si-O bonding
features.
Differences in the conditions of oxide formation resulted in differences in the
observed PL. Figure 5.2 is a simplified energy diagram showing how modification of the
Si NP core with a surface oxide may affect the electronic structure of the system. In
Chapter 3 and the first study of Chapter 4, when the surface oxide was formed at slightly
elevated temperatures (greater than room temperature), the resulting Si NP suspensions
exhibited intense blue PL. However, when the surface oxide was formed under UV90	
  

irradiation, the resulting Si NP suspensions exhibited intense orange PL. The vibrational
modes present in the Si-O region of the IR spectra were likewise dependent on the
conditions in which the surface oxide was formed. However, we propose that both the
orange and blue PL result from radiative defect states located at the interface between the
Si NP core and the surface oxide (blue and orange arrows). The data presented herein
support our hypothesis that H-Si NPs are highly unstable, and prone to oxidation. As such,
optical applications for Si NPs remain heavily limited, until methods for prevention or
controlled oxidation of the Si NP surface are developed.

Oxide Interface

Core

Energy

Conduct.
Band

Radical Trap

k

Valence
Band

Figure 5.2. Simplified energy diagram of oxidized Si NPs showing the
interband transition (red arrow) and carrier trapping by a radical trap
below the conduction band minimum (black arrow) of the Si NP core.
The electronically inactive conduction and valence band extrema of
silicon oxide are shown, and lie outside of the Si NP bandgap. Decay
from defect states at the interface of the Si NP core and the surface oxide
are shown (blue and orange arrows).
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Appendix
Supporting Information for Chapter 4
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Figure A4. (a) Plot of 590 nm emission intensity versus concentration of
TEMPO (λexc = 300 nm) added to H-Si NP suspensions. The TEMPO
concentrations of the four samples (from left to right) were 0.0 mM, 2.5 mM,
5.0 mM and 7.1 mM. (b) Digital image of samples corresponding to data point
2, 3 and 4 (from left to right). Reprinted with permission from J. Phys. Chem.
C, 2015, 119 (17), pp 9595–9608. Copyright 2015 American Chemical Society.
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Figure A2. PL (λexc 360 nm, green lines) spectra of (A) H-Si NPs and
(B) scaled-up suspension of Si NPs and 8 mM TEMPO 24 h and 48 h
after sample preparation. PLE spectra (black lines) corresponding to
(A) 660 nm and (B) 575 nm emissions. Breaks in data correspond to
eliminated scattering peaks. (*) indicate peaks corresponding to light
scattering by the sample.
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